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Abstract 
 
 Splicing, the removal of non-protein coding introns from pre-mRNA, is a critical step 
in eukaryotic gene expression that is facilitated by a large, dynamic ribonucleoprotein 
complex known as the spliceosome. The spliceosome is composed of five subcomponents of 
small nuclear ribonucleoprotein particles consisting of a snRNA and their associated 
proteins; these “snRNPs” are referred to as U1, U2, U4, U5, and U6. Recently, the red alga 
Cyanidioschyzon merolae was found to be lacking the U1 snRNA, raising questions of 
whether U1 proteins are also absent and to what extent the rest of the spliceosome is reduced. 
To address this, I computationally searched for known splicing proteins in C. merolae. In 
doing so, I found no U1 proteins and a highly reduced spliceosome consisting of 69 splicing 
proteins in the organism. Additionally, I performed several investigations into Prp24 
functionality and I submit that, in addition to U6 binding through electropositive residues in 
Prp24’s second RNA recognition motif, there exists a secondary function based on the 
presence of cold-sensitive phenotypes in the region.   
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CHAPTER 1 
 
Introduction  
 
1.1 Gene Expression 
 
 Proteins perform a staggering number of structural and functional roles in the cell that 
are required for life to exist as we know it today. From the enzymatic catalysis of nearly all 
of life’s chemical reactions to the intercellular communication provided by peptide hormones 
to the transport and storage of critical atoms and small molecules, all of these essential 
functions arise from a combination of about twenty amino acids arranged in the appropriate 
order to form the functional protein. However, despite the necessity of protein function for 
the well-being of a cell, it is equally important to express the correct proteins in the correct 
cells at the correct times. Accurate gene expression is made even more important when one 
takes into account the large quantity of energy that must be expended by the cell to produce a 
given protein. As a result, it is imperative that expression of a protein be a carefully 
orchestrated event. 
 In eukaryotic organisms, the instructions for the production of a protein resides in the 
nucleus as discrete units called genes, which are encoded into the organism’s DNA. 
Expression of the protein begins with transcription of the genetic code to a precursor 
messenger RNA (pre-mRNA). After transcription, the pre-mRNA undergoes a variety of 
processing events, from the addition of a 5’ methylguanosine cap and a 3’ tail formed of 
numerous adenosines to the removal of non-coding portions of the transcript, before being 
exported to the cytoplasm for translation to a protein through the action of the ribosome.  
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1.2 Pre-mRNA Splicing 
 While one might reasonably expect that any particular messenger RNA transcript 
would consist exclusively of protein coding nucleotides, the vast majority of eukaryotic 
mRNAs contain sequences that have no known cellular function; in humans, more than 95% 
of our genes contain these non-coding intervening sequences, referred to as introns (Pan et al. 
2008; Wang et al. 2008). In truth, not only are large portions of the RNA transcripts 
composed of these non-coding intervening sequences, excision of these introns from the pre-
mRNA is often necessary before it can be used to direct synthesis of the functional protein. 
This removal of intragenic sequences and the subsequent ligation of the protein coding 
sequences, or exons, to produce a mature mRNA capable of producing the proper protein is 
known as pre-mRNA splicing.  
 Since the discovery of the intron by Berget et al. and Chow et al. in 1977, 
considerable progress has been made in understanding how the intron is recognized by the 
cell for its eventual removal from pre-mRNA. In fact, it is introns themselves that define their 
margins, allowing for their recognition through three conserved regions: the 5’ and 3’ splice 
sites (ss), which together define the start and end of an intron, and the branchpoint sequence 
found upstream of the 3’ss with a conserved adenosine residue important for catalysis (Figure 
1). The dinucleotide sequences GU and AG form the 5’ and 3’ boundaries, respectively, of 
introns more than 99% of the time with only a small number of introns being defined by non-
canonical sequences (Burset et al. 2000). Not only do these intron sequences delineate the 
coding and non-coding portions of the pre-mRNA, but they also play a central role in the 
chemical steps leading up to the excision of the intron from the transcript.  
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Figure 1.  The two chemical reactions involved in the splicing of pre-mRNA and 
conservation of 5’ splice site. The major chemical steps in splicing are shown in (A) while 
the 5’ consensus sequence in S. cerevisiae is shown in (B). Intron is denoted with a single 
black line; the branchpoint adenosine is denoted by AOH; GU and AG denote the major 5’ 
and 3’ splice sites, respectively. 
 
 The removal of an intron from a pre-mRNA occurs via two transesterification 
reactions involving the three intron characteristics shown above (Figure 1). The first step 
involves a nucleophilic attack by the branch point adenosine’s 2’ hydroxyl to the phosphate 
group at the 5’ss, creating a new phosphodiester bond and causing cleavage between the 5’ 
exon and the 5’ss. The intron, now in a lariat configuration due to the nascent bond between 
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the 5’ end of the intron and the branch point adenosine, is then excised from the pre-mRNA 
following a similar nucleophilic attack by the freshly liberated 3’ hydroxyl of the 5’ exon to 
the 3’ss phosphate; the end result of which is the ligation of the two exons and removal of the 
lariat (Moore et al. 1993). 
 
1.3 The Splicing Cycle and the Spliceosome 
The predominant mechanism for intron removal from pre-mRNAs in eukaryotic 
organisms involves an intricate, multipart ribonucleoprotein aggregate known as the 
spliceosome. The spliceosome consists of five uridine-rich small nuclear RNAs (snRNAs), 
named U1, U2, U4, U5, and U6, as well as a considerable number of associated proteins that, 
when associated with their respective snRNA, are referred to as the small nuclear 
ribonucleoprotein particles (snRNPs). Together, these snRNPs assemble in an ordered, 
stepwise fashion on each intron to coordinate the numerous and precise interactions with and 
between the spliceosome and the pre-mRNA necessary to generate the mature mRNA 
transcript. 
 Spliceosome assembly on an intron begins via formation of the commitment or E 
complex, wherein the U1 snRNP locates and binds to the 5’ consensus region (Figure 2). 
Subsequently, the U2 snRNP forms a stable base-pair association with the branchpoint 
sequence, creating the A complex or “pre-spliceosome”. A preassembled U4/U6.U5 tri-
snRNP, composed of the U5 snRNP transiently associated with the extensively base-paired 
U4/U6 di-snRNP, is then recruited to the growing complex. This penta-snRNP forms the pre-
catalytic or B complex. A major consequence of the tri-snRNP’s association with the pre-
spliceosome is a substantial rearrangement of the RNA-RNA and RNA-protein contacts 
facilitated by ATP-dependent RNA helicases known as DEAD/DEXH box proteins. These 
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changes in structure ultimately lead to the destabilization of the U1 and U4 snRNPs, giving 
rise to the so-called Bact complex. Further rearrangements to the spliceosome by the DEAH-
box RNA helicase Prp2 generate the complex responsible for the creating the intron lariat, 
known as the B* complex. Following this first transesterification step, the resulting C 
complex completes removal of the intron by excising the intron lariat and ligating the two 
exons together. The spliceosome then dissociates and, after the appropriate recycling steps, 
the free snRNPs are then able to assemble onto a new intron and begin the process anew 
(reviewed by Will and Luhrmann 2011; Staley and Guthrie 1998). 
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Figure 2.  Assembly of the spliceosome and splicing of a pre-mRNA transcript. Exons 
are represented by boxes and the intron is demarked by a solid line.  
 
1.4.1 The U6 snRNP and the Role of Prp24 in U6 Recycling 
 The processes of spliceosome assembly, intron excision, and spliceosome 
disassembly involve significant conformational rearrangements of U6 snRNA that are 
necessary for function at each step. First, the snRNA’s entry into the splicing cycle is 
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accomplished as a part of as U4/U6.U5 tri-snRNP with extensive base-pairing between the 
U4 and U6 snRNAs (Figure 2). As the spliceosome becomes catalytically activated, the U4 
snRNP is released and U6 becomes base-paired to the U2 snRNA to create a U2/U6.U5 
complex that is responsible for catalysis (Pomeranz Krummel and MacMillan 2014). 
Following the removal of the intron, the spliceosome is disassembled and U6 is released as a 
free snRNP with a markedly changed secondary structure, characterized by the formation of 
a very large and energetically favourable 3’ internal stem loop (ISL) that is not present in the 
snRNA otherwise (Ryan et al. 2002). With the spliceosome disassembled, the constituent 
snRNPs are recycled back into the splicing pathway so that a new round of splicing may 
begin.  
While the ejection of most snRNPs from the spliceosome leaves them relatively intact 
and in a ready state to be recycled, the extensive changes in the U6 snRNA structure makes 
direct reentry of the snRNP into the spliceosome impossible (Montemayor et al. 2014). In 
order for the U6 snRNA to enter the splicing cycle as a part of the tri-snRNP, the U6 snRNP 
first associates with U4 by way of extensive base-pairing to create the di-snRNP. However, 
because of the occlusion of U6 snRNA’s complementary bases by the 3’ ISL, remodeling of 
the snRNA to make these bases accessible is a pre-requisite for di-snRNP formation (Figure 
3). To this end, the cell employs a handful of proteins, namely the precursor RNA processing 
protein Prp24 and the seven LSm proteins, to bind the free U6 snRNA and facilitate the 
eventual binding of U4, though the exact mechanism by which unwinding of the ISL occurs 
remains unknown.  
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Figure 3. Domains of Prp24 and its role in the recycling of U6.  The four RRM domains 
of PRP24 and their position within the protein are shown in (A) and the conformational 
changes of U6 as it progresses through the splicing cycle is shown in (B). The base pairs 
involved in U4 binding are highlighted with a dashed box. Note: the pre-mRNA has been 
omitted from the U6/U2 complex.  
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 In yeast (Saccharomyces cerevisiae), Prp24 is a 444 amino acid, 51 kDa essential 
protein consisting of three canonical RNA recognition motifs (RRMs), which are known 
RNA-biding domains that bind single-stranded nucleotides, a C-terminal motif that interacts 
with the LSm ring, an N-terminal region to which no function has been ascribed, and a non-
canonical RRM (Daubner et al. 2013; Rader and Guthrie 2002). Recent crystallographic 
insights suggest that Prp24 recognizes and interacts with U6’s A41-C58 nucleotides, found in 
the asymmetric internal loop, via its RRM2, RRM3, and RRM4 regions (Montemayor et al. 
2014). Specifically, the crystal structure has elucidated that RRM2 interacts with nucleotides 
46-58 of the U6 snRNA, referred to as the “ACAGA-box”, while RRM3 binds to nucleotides 
39-44, consistent with chemical modification studies (Jandrositz and Guthrie 1995); 
interestingly, the non-canonical RRM4 was found to make contacts with double stranded 
RNA in the 3’ ISL of U6 (Montemayor et al. 1995). While Prp24’s RRM1 was found not to 
contact U6 in the crystal structure, NMR and genetic analyses of the motif have demonstrated 
its importance for proper Prp24 function (Bae et al. 2007; Kwan and Brow 2005). All told, 
investigations thus far into the structure and function of Prp24 suggest the protein facilitates 
the opening of the ISL through the electropositive residues of the RRMs, thus allowing for 
U4/U6 di-snRNP formation.  
  
1.4.2 Genetic Investigation into Yeast Prp24 Function 
 Functional genomics provide scientists with a range of powerful, in vivo tools to 
identify indispensable genes, clarify important regions of a molecule, and characterize the 
nature of precise molecular interactions with a given cellular protein or RNA. Together, these 
methods have revolutionized our understanding of S. cerivisae’s biology, from the 
identification of critical pathways to demonstrating the biological relevance of necessary 
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molecules and processes.  From insights into how RAS gene products regulate progression of 
the cell cycle through G1 phase to how actin cytoskeletons are involved in endocytosis, 
cytokinesis, cell polarity, and cell morphogenesis to understanding factors that influence 
spliceosome activation, all share the utilization of genetic tools to generate and characterize 
the effects of mutations in order to peer into the cell’s inner workings (Fasano et al. 1988; 
Moseley and Goode 2006; Kuhn and Brow 2000).   
One prevalent method of genetic analysis involves the creation of yeast strains 
containing mutations to the protein of interest and then testing the organism’s ability to grow 
at temperatures above and below its optimal temperature. In contrast to conventional gene 
knockouts, these heat-sensitive (Hs), those that are non-functional at higher temperatures, 
and cold-sensitive (Cs) mutations, those that are non-functional at lower temperatures, allow 
insight into genes whose function are essential (Pringle 1975; Tan et al. 2009). While most 
temperature-sensitive mutations will be caused by a disruption to the protein’s natural three-
dimensional structure, either making it more or less stable, mutations that interrupt proper 
contacts will also produce temperature sensitivity and will thus provide insight into the 
interaction mechanism of the protein and its binding partner (Pringle 1975; Tan et al. 2009).   
Given the ability of genetic experiments using conditional alleles to probe regions of 
a protein for important contacts, it is surprising that a systematic genetic screening of Prp24 
has yet to be done to further understand the protein’s function in vivo. While previous studies 
have demonstrated the existence of a handful of heat-sensitive mutations in RRMs 1, 2, and 3 
of Prp24 consistent with the U6 crystal structure there remains the possibility of discovering 
new functionally important contacts through other heat-sensitive mutants. In addition to the 
heat-sensitive mutants, two cold-sensitive mutations have been found in RRM1 to which no 
function has been ascribed. These observations lead to a number of intriguing questions: is 
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cold sensitivity found in any other domains of Prp24 or is it exclusive to RRM1? Through 
what action is cold sensitivity being introduced to the protein and is it indicative of a 
secondary function for Prp24? Are meaningful temperature-sensitive mutations found in the 
non-canonical RRM4 of Prp24? Are there other important heat-sensitive mutants in RRMs 2 
and 3?  To address these questions, I performed experiments intended to methodically 
introduce random, single point mutations into RRMs 2, 3, and 4 of Prp24, screen for the 
desired temperature-sensitive phenotypes, and begin to characterize the mutants’ 
biochemistry. 
 
1.5 Regulation of Splicing 
 In humans, the correct expression of a protein requires both temporal and spatial 
considerations. This necessity for precise control of protein production is made increasingly 
complex with pre-mRNA transcripts that are capable of being alternatively spliced to create a 
number of protein isoforms whose functions can differ drastically. Understandably then, 
considerable effort has been made to understand the mechanisms by which the cell selects 
how and what transcripts are to be spliced.  
 Over the last twenty years, researchers have found a number of features within the 
transcript itself (cis-elements) as well as regulators that are physically separate from the 
transcript (trans-elements) that govern how a pre-mRNA is to be spliced. For instance, 
variation in the splice-site consensus region has been linked to the efficiency of splicing of 
that transcript; specifically the more degenerate the consensus site the less efficient splicing 
and, thus, less protein is translated (Keren et al. 2010). Furthermore, auxiliary elements, 
many of which are binding sites for splicing regulatory proteins, exist in higher eukaryotes 
that can enhance or silence the properties of an exon or intron, thus allowing for the cell to 
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select which elements to include in the final spliced product (Coelho and Smith 2014). There 
are also a number of trans-acting proteins, which usually contain arginine-serine dipeptide 
enrichment within their domains, which have been demonstrated to affect splicing efficiency 
in a concentration-dependent manner (Long and Caceres 2009). These proteins include core, 
conserved splicing factors like U2AF as well as the more peripheral SR and hnRNP proteins. 
Together, these various elements allow for the master regulation of gene expression by the 
higher metazoans through control of the genetic message contained within the mature mRNA 
transcript. 
This regulation of splicing reactions was thought to occur only in organisms that 
carried out alternative splicing; after all, why would the cell need to regulate a process in 
which every intron is removed from the pre-mRNA? Surprisingly, work done by Pleiss et al. 
in 2007 demonstrated that this was not the case and that yeast, an organism in which 
alternative splicing does not occur, regulated splicing reactions in vivo. Using a microarray 
methodology that allowed the researchers to determine the ratio of pre-mRNA to mature 
mRNA for all 255 intron-containing transcripts, they asked whether mutations to the 
spliceosome caused shifts in the splicing profile of the yeast. In doing so they found that 
yeast strains consisting of mutations to a given spliceosome factor would cause an inability to 
splice certain transcripts, thereby affecting the total amount of a given protein in the cell. 
Furthermore, the researchers found that different mutations caused different transcripts to be 
up-regulated or down-regulated compared to other mutant strains. These results suggest that 
the spliceosome is capable of distinguishing between its substrates, thereby allowing yeast to 
regulate gene expression in a transcript-specific manner. Furthermore, similar assays 
demonstrated that splicing profiles varied between S. cerevisiae cultures exposed to 
environmental stressors including toxic ethanol stress, amino acid starvation, phosphate 
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starvation, strong reducing and oxidizing conditions, hyperosmotic conditions, and toxic 
cationic stress (Pleiss et al. 2007; Bergkessel et al. 2011). Clearly, then, alternative splicing is 
not the only splicing being regulated within the cell. 
 Of particular interest from the microarray survey is the finding that a mutation to 
Prp24 causes a change in the splicing profile, suggesting that the protein plays a role in 
splicing regulation. While at first glance it seems strange that a protein necessary for the 
reintegration of a requisite snRNA into the spliceosome would be able to regulate splicing 
beyond simply turning splicing on or off in the cell, the data prove that this is not the case 
(Pleiss et al. 2007). Interestingly, a recent genome-wide analysis of phosphorylatable 
proteins in yeast also revealed that the serine 19 residue, belonging to the N-terminal region, 
of Prp24 is phosphorylated (SGD project 1997; Swaney et al. 2013). Given that this region 
has not been implicated in the binding of Prp24 to U6 and that phosphorylation events are 
often found in regulatory pathways, there exists an intriguing possibility that phosphorylation 
of serine 19 allows for the regulation of Prp24 activity and, thus, of splicing. Indeed, when 
tested, yeast strains containing mutations to the S19 residue of Prp24 were found to grow 
poorly in media containing an ethanol stressor or a drug that causes amino acid starvation 
compared to the wild type, implying that the cell’s ability to cope with the added stress is 
related to Prp24 (Rader Unpublished). All told, these observations raise a number of 
questions: Is Prp24’s S19 residue involved in the cell’s response to other environmental 
stressors, how does the splicing profile in yeast change under these conditions with the S19 
mutation, and through what mechanism does this residue act on Prp24 and the spliceosome to 
regulate splicing? In order to address these queries, I performed experiments designed to 
screen for conditions in which a yeast strain with the S19 mutation was adversely affected 
when exposed to oxidative, reductive, osmotic, salt, arsenate, pH, and temperature 
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environmental stressors as well as to further investigate the exact nature of ethanol and amino 
acid starvation on mutant growth. Using results from these experiments, I planned to 
investigate the splicing profiles of detrimental conditions using the microarray methodology 
used by Pleiss and, from there, begin investigating the mechanism of action for Prp24’s 
regulation of splicing.  
 
1.6 Using Model Organisms to Investigate Splicing  
1.6.1 Yeast as a Model Organism 
 With the enormous complexity found in the higher eukaryotes, scientists have long 
used simpler organisms as models to probe the structures and functions of conserved cellular 
components in an environment with far fewer variables. This reductionist philosophy has 
been utilized to great success in a number of fields, including splicing, where yeast has been 
a workhorse to understand the underpinnings of human biochemistry for years. Seminal 
sequencing work done by Goffeau et al. in 1996 demonstrated that of the roughly 6000 genes 
found in yeast only 255 of them conta in introns, the majority of which contain only 
one intron; in other words, only 5% of yeast genes must be spliced. For comparison, over 
95% of the estimated 20 000-25 000 protein-coding genes in the human genome contains at 
least one intron. Furthermore, over 88% of human intron containing genes possesses more 
than one intron, vastly increasing the complexity of splicing through alternative splicing 
events (Lee and Rio 2015). Additionally, an enormous number of mutant yeast strains are 
readily available, allowing for relatively simple mutational experiments to begin peeling back 
the function and genetic interactions of a given protein or RNA (Hu et al. 1995). With over a 
century of investigation into the organism’s genetics, the production of a staggering number 
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of genetic and biochemical tools, and a splicing core that is evolutionarily conserved between 
it and humans, S. cerevisiae remains a powerful model to tease apart the mechanisms of 
splicing (Daum 2000; Lin et al. 1998).  
1.6.2 Cyanidioschyzon merolae as a Model Organism 
 Cyanidioschyzon merolae (C. merolae) is an acidophilic, unicellular red algae that 
grows at temperatures up to 56 C. In 2007, Nozaki et al. were the first to sequence the entire 
genome of an alga using C. merolae and it stands as the first genome of algal organism to be 
completely sequenced. Intriguingly, C. merolae’s genome is of a comparable size to that of S. 
cerevisiae but with only a tenth as many introns (Matsuzaki et al. 2004). With only twenty-
six intron containing genes, all of which have the canonical 5’ and 3’ss and branchpoint, it is 
hoped that C. merolae will be a more tractable model to investigate the core mechanics of 
splicing compared to yeast where, after 50 years of investigation, it still remains unknown 
which splicing components define the absolute minimum needed for the spliceosome to 
function. While all twenty-six intron-containing genes have been shown to be spliced in vivo, 
bioinformatic searches for the snRNAs yielded only U2, U4, U5, and U6, suggesting that 
splicing may be occurring without U1 (Dunn 2011); all of the discovered snRNAs maintain 
recognizable features across humans and yeast (Figure 4). Taken together, the extreme 
conditions in which the organism lives, the organism’s intron paucity, and the never-before-
seen absence of U1 leads to the suggestion that selective pressures have reduced the 
spliceosome to only the absolutely necessary features of the spliceosome, making it an 
incredibly valuable model for splicing experiments. To test whether U1 was indeed absent 
and not simply highly divergent and thus unable to be detected using the methodology used 
by Dunn (2011), I utilized BLAST searches to search for proteins known to be a part of the 
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U1 snRNP as their presence would be indicative that U1 had been retained. Furthermore, this 
same bioinformatic approach was used to characterize the remainder of the C. merolae 
spliceosome in order to ascertain whether the hypothesis of a “simpler” spliceosome was 
true.  
 
Figure 4. Comparison of secondary structure between the predicted snRNA sequences 
of C. merolae (A-D) and S. cerevisiae. The alternative U2 toggle structure, in which stem IIc 
replaces stem IIa, is show in Inset in A. The conserved core of U5 (C) extends from 
nucleotide 112-282. The U2 branch site-binding region is underlined, and the Sm- and LSm-
binding sites are in gray boxes.  
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CHAPTER 2 
 
Identification and Characterization of the Splicing Proteins and snRNAs of 
Cyanidioschyzon merolae  
 
  In order to begin untangling the nature of the spliceosome in Cyanidioschyzon 
merolae, especially with regards to the proposed absence of a U1 snRNP, it became 
important to identify the protein components of its spliceosome and begin characterizing the 
known snRNAs. To this end, I performed a rigorous bioinformatic hunt for C. merolae’s 
splicing proteins, querying the sequences of known splicing factors from a plethora of 
species against the genome of the red alga. In addition to this, I utilized bioinformatic tools to 
assess the stability of the stem loops in the predicted structures of C. merolae’s four snRNAs. 
In doing so, I was able to identify a dramatically reduced set of 43 core splicing proteins in 
C. merolae, compared to ~90 in Saccharomyces cerevisiae and ~140 in humans, as well as 
provide convincing evidence for an absent U1 by failing to identify any U1 proteins. 
Furthermore, two classes of snRNA loops appear to be present in C. merolae; those that serve 
as “structural” stems, responsible for snRNP stability, and those that act as “functional” 
stems necessary for protein-binding. Together, these computational experiments further our 
understanding of the composition and features of the organism’s novel spliceosome and were 
a substantial contribution to Stark et al. (2015).  
 
2.1 Materials and Methods 
 
2.1.1 Forming a Splicing Protein Search Area 
 
A comprehensive list of splicing proteins from H. sapiens, S. cerevisiae, and A. 
thaliana was compiled by combining information from the Spliceosome Database (Cvitkovic 
and Jurica 2013), the Arabidopsis database ASRG (Wang and Brendel 2004), and published 
surveys by Agafonov (2011), Hegele (2012), and Fabrizio (2009). Sequences for all splicing 
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proteins were retrieved from the National Centre for Biotechnology Information’s (NCBI) 
website.  
 
2.1.2 Reciprocal BLAST Searches of Splicing Proteins 
 
To identify splicing protein homologs in C. merolae, I utilized a reciprocal BLAST 
search approach as described by Ward and Moreno-Hagelsieb (2014). For forward searches, 
those using known splicing proteins to identify putative orthologs in C. merolae, searches 
were conducted using the splicing protein list and the BLAST program available on the C. 
merolae database website with a BLOSUM62 matrix and a threshold expect value of 100 
(Matsuzaki et al. 2004). Forward searches were conducted with at least two           
homologues of a given protein, usually from yeast and humans, but also from A. thaliana 
or Schizosaccharomyces pombe when a S. cerevisiae homologue did not exist. Additionally, 
to further test ambiguous or surprising BLAST hits, splicing orthologs from Ashbya gossypii, 
Aspergillus nidulans, Bactrocera dorsalis, Bos taurus, Candida albicans, Caenorhabditis 
elegans, Candida orthopsilosis, Chlamydomonas reinhardtii, Dictyostelium discoideum, 
Debaryomyces hansenii, Danio rerio, Mus musculus, Morus notabilis, Magnaporthe oryzae, 
Medicago truncatula, Pseudozyma brasiliensis, Penicillium digitatum, Rattus norvegicus, 
Schizosaccharomyces pombe, Trypanosoma brucei, and Xenopus laevis were used in forward 
BLAST searches when available.  Protein sequences from candidate C. merolae splicing 
proteins were then searched against the target organism’s proteome with the NCBI BLAST 
tool and its default parameters. A C. merolae protein was considered a clear homologue if, in 
both searches, the top hit in the C. merolae database retrieved the initial search protein and 
the expected value was smaller than 10-10. Additionally, in cases where the top hit did not 
correspond to the query protein, all candidate C. merolae proteins with an expected threshold 
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of less than 1E-02 were also searched against the original organism. Furthermore, we 
analyzed the domain structure of nebulous candidates, which allowed us to distinguish false 
positives from true orthologs using NCBI’s DELTA-BLAST tool. 
 
2.1.3 Analysis of C. merolae’s snRNAs’ Stem Stabilities 
 
 To assess the thermodynamic stability of the base-paired stems in C. merolae’s 
snRNAs, Mfold (Zucker 2003) was used to calculate the relative free energy of individual 
stems. For stems that did not end with a hairpin loop, an artificial tetraloop composed of 
uracil residues was incorporated to create the closed structure required by the program.    
 
2.2 Results and Discussion  
2.2.1 C. merolae Lacks a U1 snRNP  
 The stepwise buildup of the spliceosome on a pre-mRNA transcript begins with the 
recognition of the pre-mRNA’s 5’SS by the U1 snRNP in known systems. Together with the 
Sm proteins, the three snRNP-specific proteins U1-70K, U1-A, and U1-C, and other U1 
related proteins, the U1 snRNP acts to both define the margins of the intron and provide a 
platform onto which the remainder of the spliceosome can be constructed. The conservation 
of these elements, in particular the three snRNP-specific proteins, across species lends weight 
to the snRNP’s importance (Lerner et al. 1980; Kondo et al. 2015). It was striking, then, that 
a bioinformatic analysis of the snRNAs in C. merolae by Dunn in 2011 failed to identify a 
suitable U1 snRNA candidate in the alga, suggesting the possibility of a U1-independent 
splicing mechanism.   
 In order to determine whether the absence of U1 in C. merolae was not in fact due to 
the U1 snRNA having diverged significantly, I searched for any known splicing factors that 
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associate with the U1 snRNP, as their presence would suggest that the snRNA was indeed 
present within the organism. Using a reciprocal best-hit methodology (see Methods), I 
performed BLAST searches using U1 protein sequences from a number of organisms to 
maximize the chances of identifying potential U1 protein orthologs in C. merolae. As 
reported in Table 1, of the twelve proteins that have been deemed to be a part of U1 in the 
literature, I found no candidate U1 proteins in C. merolae. While proteins were always 
found in the forward search, the high e-values, a statistical indicator of the background 
noise, in conjunction with the results of the reverse searches clearly demonstrated that those 
proteins are not U1 orthologs (Altschul et al. 1990). As an example, queries using Snp1 
orthologs never garnered e-values less than 8E-7, where an e-value of 10E-10 is accepted as 
a strong candidate for homology (Ward and Moreno-Hegelsieb 2014), and every reverse 
BLAST of the candidate protein pulled distinctly non-Snp1 proteins, ranging from hnRNP 
A to cleavage stimulation factors to a polyadenylation protein (Table 1). Instances in which 
strong candidates for a C. merolae U1 homolog were found in the forward search, as was 
the case with most Prp39 searches where e-values as low as 2E-20 were found (Table 1), 
were dismissed as false positives as the reverse BLAST search demonstrated that the 
candidate protein was much more likely to be a different protein; these false positives are 
mostly due to significant stretches of alignment between two proteins that share an 
evolutionarily conserved region, such as an RNA or DNA binding site (Fujimoto et al. 
2016). To further confirm the hypothesis of a missing U1, I asked whether other proteins 
whose functions are U1-specific were also absent as, without U1, the protein would become 
unnecessary. Indeed, the Prp28 protein, a DEXD/H-box ATP-hydrolase that is responsible 
for displacing the U1 snRNP from the 5’SS during formation of complex B (Will and 
Luhrmann 2011), was not found in any of the searches (Table 2). Taken together, the 
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evidence clearly suggests that C. merolae does not possess a U1 snRNP and, thus, splicing 
must occur via a U1-independent mechanism.  
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Table 1. BLAST Searches Reveal that Cyanidioschyzon merolae Possesses No U1 
Proteins. 
 
Query 
Protein 
(Species) 
Best Hit 
(Accession Number) 
E-value Reciprocal Best Hit 
in C. merolae 
RBH      
E-value 
Snp1 
(Sc) 
Probable hnRNP A 
(CMR392C) 
4E-7 Hrp1 6E-24 
Snp1 
(Hs) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
2E-7 Similar to Cleavage 
Stimulation Factor, 3' 
pre-RNA, Subunit2, 
64 kDa 
2E-34 
Snp1 
(Cr) 
Similar to Gbp1p 
(CMM078C) 
2E-6 Gbp1 2E-39 
Snp1 
(Tb) 
Probable hnRNP A 
(CMR392C) 
4E-5 Similar to 
Polyadenylate 
Binding Protein 3 
5E-15 
Snp1 
(Xl) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
4E-7 Cleavage Stimulation 
Factor, 3ʼ pre-RNA 
Subunit 2, 64 kDa 
1E-35 
Snp1 
(At) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
6E-7 Cleavage Stimulation 
Factor 64 
4E-33 
Snp1 
(Dm) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
8E-7 Cleavage Stimulation 
Factor 64 kDa 
Subunit 
7E-30 
Snp1 
(Mm) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
2E-7 Cleavage Stimulation 
Factor, 3ʼ pre-RNA 
Subunit 2 
2E-35 
Snp1 
(Dd) 
Similar to hnRNP 
(CMT598C) 
1E-3 RNA-binding Region 
RNP-1 Domain- 
containing Protein 
2E-7 
Snp1 
(Co) 
Probable hnRNP A 
(CMR392C) 
8E-7 Hypothetical Protein 
CORT_0C04790 
2E-29 
Snp1 
(Bt) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
2E-7 Cleavage Stimulation 
Factor Subunit 2-like 
Protein 
1E-35 
Snp1 
(Sp) 
Similar to TIA1 Cytotoxic 
Granule-Associated RNA- 
Binding Protein 
(CMS187C) 
4E-7 RRM-containing 
Cyclophilin 
Regulating 
Transcription Rct1 
4E-10 
Mud1 
(Sc) 
Hypothetical Protein 
(CMT606C) 
7 Gyp6 1 
Mud1 
(Hs) 
Plastid Division Protein 
FtsZ2-1 (CMS004C) 
3 Putative Tubulin Beta 
Chain-like Protein 
3E-1 
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Query 
Protein 
(Species) 
Best Hit 
(Accession Number) 
E-value Reciprocal Best Hit 
in C. merolae 
RBH      
E-value 
Mud1 
(Dm) 
Probable hnRNP A 
(CMR392C) 
5E-3 hnRNP 48.1 1E-33 
Mud1 
(Ce) 
Probable hnRNP A 
(CMR392C) 
2E-4 Msi1 2E-26 
Mud1 
(Sp) 
Polyadenylate Binding 
Protein (CMJ286C) 
5E-5 Polyadenylate 
Binding Protein 
5E-129 
Mud1 
(Xl) 
eIF-3 Subunit G 
(CMH159C) 
4E-4 eIF-3 Subunit G-A 3E-49 
Yhc1 
(Sc) 
Hypothetical Protein 
(CMT606C) 
7 Gyp6 1 
Yhc1 
(Hs) 
Plastid Division Protein 
FtsZ2-1 (CMS004C) 
3 Putative Tubulin Beta 
Chain-like Protein 
3E-1 
Yhc1 
(Sp) 
Myo-inositol 1-phosphate 
Synthase (CMR036C) 
1 Proteasome 
Component Ecm29 
2E-1 
Yhc1 
(Ca) 
Similar to Oxidoreductase 
(CMQ274C) 
2 Similar to Short Chain 
Alcohol 
Dehydrogenase 
7E-6 
Yhc1 
(Xl) 
Plastid Division 
Protein FtsZ2-1 
(CMS004C) 
3 StAR-related Lipid 
Transfer Domain 
Containing 3 
1 
Yhc1 
(Bt) 
Plastid Division Protein 
FtsZ2-1 (CMS004C) 
3 Canniboid Receptor 2 8E-1 
Yhc1 
(Dr) 
Plastid Division Protein 
FtsZ2-1 (CMS004C) 
3 Zinc Finger Protein 
668 
3 
Yhc1 
(Mm) 
Plastid Division Protein 
FtsZ2-1 (CMS004C) 
3 Envelope 
Glycoprotein 
6E+1 
Yhc1 
(At) 
Similar to SF3A Subunit 3 
(CMQ406C) 
2 Prp9p 1E-6 
Prp40 
(Sc) 
ORF515 
(CMV241C) 
6E-2 Mdn1 3E+3 
Prp40 
(Hs) 
Probable Eukaryotic 
Translation Initiation 
Factor eIF-5B (CML150C) 
6E-2 eIF-5B 0 
Prp40 
(Dm) 
Similar to CCR4-NOT 
Transcription Complex, 
Subunit 4 (CMM335C) 
2 CNOT4 Homolog 5E-29 
Prp40 
(Xl) 
Hypothetical Protein 
(CMG159C) 
2E-1 Synaptosomal- 
associated Protein 47 
kDa 
2E-1 
Prp40 
(At) 
Hypothetical Protein 
(CMI068C) 
5E-2 Putative Pectinesterase 
Inhibitor 
28 
1E-3 
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Query 
Protein 
(Species) 
Best Hit 
(Accession Number) 
E-value Reciprocal Best Hit 
in C. merolae 
RBH      
E-value 
Prp40 
(Mm) 
Probable Eukaryotic 
Translation Initiation 
Factor eIF-5B (CML150C) 
1E-1 eIF-5B Protein 0 
Prp40 
(Dd) 
Similar to Vacuolar Sorting 
Protein/Ubiquitin  
Receptor VPS23 
(CMK136C) 
2E-1 Tumor Susceptibility 
Gene 101 Protein 
1E-16 
Snu71 
(Sc) 
DNA Topoisomerase  1 
(CMI252C) 
1 DNA Topoisomerase 
3 
1E-25 
Snu71 
(Hs) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
1E-6 Similar to Cleavage 
Stimulation Factor, 3' 
pre-RNA, Subunit2, 
64kD 
2E-34 
Snu71 
(Mm) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
5E-6 Cleavage Stimulation 
Factor, 3ʼ pre-RNA 
Subunit 2 
2E-35 
Snu71 
(At) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
8E-4 Cleavage Stimulation 
Factor 64 
4E-33 
Snu71 
(Xl) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
1E-6 Cleavage Stimulation 
Factor, 3ʼ pre-RNA 
Subunit 2, 64 kDa 
1E-35 
Snu71 
(Dm) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
6E-3 Cleavage Stimulation 
Factor 64 kDa 
Subunit 
7E-30 
Snu71 
(Dd) 
Similar to Cleavage 
Stimulation Factor 
(CMF108C) 
1E-2 Cleavage Stimulation 
Factor 54 kDa 
Subunit 
1E-18 
Prp39 
(Sc) 
Dynamin-related  Protein 
Drp5 (CMN262C) 
1E-1 Vps1 6E-105 
Prp39 
(Hs) 
Similar to psbB mRNA 
Maturation Factor 
Mbb1 (CMQ412C) 
2E-18 UDP-N-Acetyl- 
glucosamine 
4E-64 
Prp39 
(Mm) 
Similar to psbB mRNA 
Maturation Factor 
Mbb1 (CMT510C) 
5E-15 UDP-N-Acetyl- 
glucosamine 
2E-75 
Prp39 
(At) 
Similar to psbB mRNA 
Maturation Factor 
Mbb1 (CMT510C) 
2E-20 UDP-N-Acetyl- 
glucosamine 
5E-69 
Prp39 
(Ce) 
Similar to psbB mRNA 
Maturation Factor 
Mbb1 (CMT510C) 
3E-12 Protein OGT-1 3E-70 
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Query 
Protein 
(Species) 
Best Hit 
(Accession Number) 
E-value Reciprocal Best Hit 
in C. merolae 
RBH      
E-value 
Prp39 
(Dm) 
Similar to psbB mRNA 
Maturation  Mbb1 
(CMT510C) 
5E-12 Super Sex Combs 2E-71 
Prp39 
(Dr) 
Similar to psbB mRNA 
Maturation Factor 
(CMT510C) 
2E-17 O-linked N-acetyl- 
glucosamine 
Transferase 
2E-77 
Prp42 
(Co) 
Stress-induced 
Phosphoprotein  STI1 
(CMR299C) 
9E-1 STI1 Protein 1E-116 
Nam8 
(Sc) 
Polyadenylate Binding 
Protein (CMJ286C) 
9E-43 Pab1 1E-86 
Nam8 
(Cr) 
Polyadenylate Binding 
Protein (CMJ286C) 
2E-24 PAB Protein RB47 2E-66 
Nam8 
(At) 
Polyadenylate Binding 
Protein (CMJ286C) 
1E-57 PAB8 3E-125 
Nam8 
(Dd) 
Polyadenylate Binding 
Protein (CMJ286C) 
8E-10 RNA-binding Domain- 
containing Protein 
8E-68 
Nam8 
(Ca) 
Polyadenylate-binding 
Protein (CMJ286C) 
3E-8 Polyadenylate 
Binding Protein 
1E-66 
Snu56 
(Sc) 
Small GTP-binding Protein 
Arf1 (CMQ074C) 
1 Arf family GTPase 
Arf2 
2E-98 
Luc7 
(Sc) 
C-type Cytochrome 
Biogenesis Protein Ccs1 
(CMV075C) 
3E-1 Mig3 7E-1 
Luc7 
(Hs) 
Hypothetical Protein 
(CMT366C) 
1 Interleukin 17-C 
Receptor 
6 
Luc7 
(Mm) 
Hypothetical Protein 
(CMT366C) 
1 Cytosolic 
Carboxypeptidase  6 
4E-1 
Luc7 
(At) 
Hypothetical Protein 
(CMH110C) 
5E-1 TRAF-like Protein 4E-2 
Luc7 
(Xl) 
Similar to 
Kinetoplast- 
associated Protein 
(CMJ046C) 
5E-2 Serine/Threonine- 
protein Kinase MRCK 
Alpha-like 
8E-5 
Luc7 
(Dm) 
Ubiquitin-protein  Ligase E3 
(CMR077C) 
2E-1 SD03277 Protein 2E-123 
Luc7 
(Dd) 
Hypothetical Protein 
(CMT069C) 
9E-2 WD40-like Domain- 
containing Protein 
2E-1 
Urn1 
(Sc) 
Hypothetical Protein 
(CMP346C) 
1E+1 Dgr2 6E-1 
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Query 
Protein 
(Species) 
Best Hit 
(Accession Number) 
E-value Reciprocal Best Hit 
in C. merolae 
RBH      
E-value 
Npl3 
(Ca) 
Polyadenylate-binding 
Protein (CMJ286C) 
3E-8 Polyadenylate 
Binding Protein 
1E-66 
Npl3 
(Sc) 
Sister-Chromatid  
Cohesion Complex 
Cohesin, Subunit SMC3 
(CML027C) 
3E-1 Cohesin Subunit 
Smc3 
1E-164 
 
*species abreviations, common name and eukaryotic lineage 
Ag Ashbya gossypii Yeast Fungi 
An Aspergillus nidulans None Fungi 
At Arabidopsis thaliana Thale cress Land plants 
Bd Bactrocera dorsalis Oriental fruit fly Arthropods 
Bt Bos Taurus Bovine Ungulates 
Ca Candida albicans Yeast Fungi 
Ce Caenorhabditis  elegans Nematode worm Nematoda 
Co Candida orthopsilosis Yeast Fungi 
Cr Chlamydomonas  reinhardtii Green alga Unicellular 
alga Dd Dictyostelium discoideum Slime mold Myxogastrids 
Dh Debrayomyces  hansenii Yeast Fungi 
Dm Drosophila melanogaster Fruit fly Arthropods 
Dr Danio rerio Zebrafish Teleostei 
Hs Homo sapiens Human Primates 
Mm Mus musculus House mouse Rodents 
 
 Without the U1 snRNP in C. merolae, the question then turns to how the organism is 
capable of recognizing the 5’SS. Searches of the splicing literature reveal that, while an 
organism lacking the entire U1 snRNP has never been found before, there does exist 
evidence of U1-independent splicing in both artificial and naturally occurring pre-mRNA 
transcripts (Crispino et al. 1994; Fukumura et al. 2009). Recent experiments using single-
molecule experiments have demonstrated that the U2 snRNP is itself capable of recognizing 
and binding the transcript before U1 (Shcherbakova et al. 2013). Furthermore, Crispin et al. 
demonstrated in 1996 that by overexpressing SR proteins in humans they were able to 
restore the splicing reactions in HeLa cells depleted of the U1 snRNP. However, this 
mechanism seems unlikely to explain the absence of U1 in C. merolae as only two of the 19 
SR protein homologs were found (Table 2). Instead, given that the U6 snRNA in C. merolae 
has extended complementarity to the 5’ SS and that this type of extension has been linked to 
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increased splicing efficiency in U1 depleted extracts, it seems plausible that C. merolae 
itself or an ancestor of the species may have dispensed of the U1 snRNP by relying on an 
extended U6 snRNA to 5’SS interaction (Dunn 2011; Crispino and Sharp 1995). Finally, an 
intriguing possibility is that the U5 snRNA has usurped the role of U1 due to the 5’ end of 
the U5 snRNA having complementarity to all annotated C. merolae 5’ SS (Dunn 2011).  
 In addition to its role in 5’SS recognition, the U1 snRNP plays a number of other 
roles in and outside of the spliceosome, raising the question of how C. merolae is affected 
without these roles being filled. In terms of splicing, U1 has been implicated in the 
increased transcription of intron-containing genes as well as alternative splicing regulation 
(Kwek et al. 2002; Fukumura and Inoue 2009). Outside of splicing, U1 also regulates 
cleavage and polyadenylation sites (Kaisa et al. 2010). It remains to be seen whether the 
absence of U1 in C. merolae disrupts these cellular events and, if so, how the organism 
copes with these changes.  
  
2.2.2 Bioinformatic Survey of the Cyanidioschyzon merolae Spliceosome  
   2.2.2.1 The Conserved Core of C. merolae Splicing Proteins 
 Identifying the core protein and RNA components of the spliceosome has long been 
sought as a means to understanding the key constituents necessary for priming and sustaining 
the catalytic mechanisms of the spliceosome. In humans, more than 200 proteins have been 
found assembled as part of the spliceosome and, based on their abundance, known 
importance to splicing, or association with the snRNPs, about 140 have been designated as 
essential components of the human spliceosome (Jurica and Moore 2003; Hegele et al. 
2012); the yeast spliceosome has considerably fewer proteins than does its metazoan 
counterpart, with roughly half as many in the catalytically active B and C complexes and 
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only ~90 splicing proteins in total (Fabrizio et al. 2009). Of these 90 total proteins, more than 
85% of them have an evolutionarily conserved ortholog in humans, leading researchers to 
suggest that these proteins likely represent the core machinery necessary for the splicing 
reactions (Fabrizio et al. 2009). However, given the dramatic change seen with the U1 
snRNP, I sought to characterize the remainder of the C. merolae spliceosome to determine 
whether the absence of U1 was the only change to this “core spliceosome”. 
Following the same methodology as the U1 searches, I created a search area of 263 
core and tangential splicing proteins based on the literature and began to search for orthologs 
in C. merolae (see Methods). In most instances, identification of an orthologue was routine: a 
strong candidate would be detected as the top hit in the S. cerevisiae and H. sapiens forward 
BLASTs and the reverse BLAST would confirm the protein’s identity. Indeed, this was the 
case with Brr2, Bud31, Cbc2, Cef1, Cus1, Dbp2, Dbr1, DDX3X, Dib1, DHX36/RHAU, 
ERH, Fal1, hnRNPH3, hnRNPM, Hsh49, Hsh155, LSm1-7, Msl5, Mtr4 Mud2, PABP1, 
Prp3, Prp8, Prp21, Prp38, Prp43, Prp46, Prt1, Quaking, RACK1, RBBP6/PACT, Rpg1, 
RPSA, Rts2, Rvb2, SmB/B’, SmD1, SmD2, SmD3, SmE, SmF, SmG, Snu13, Snu114, 
SRFS2, SRPK1, Ssa4, Sto1, Tef1, TOE1, TUBA1B, TUBB4B, and Rds3 where e-values as 
low as zero were found (Table 2). Similarly, a strong top hit homolog was found with the SR 
protein Rsp31 found in Arabidopsis thaliana (Table 2). Notably, only the U2 proteins Prp9, 
Prp11, and Rse1 were found only in the H. sapiens query and not with S. cerevisiae but, 
given the strength of their respective e-values and percent identities, they were deemed to be 
present in C. merolae (Table 2). For searches that generated potential orthologs that were not 
the top hit, a case-by-case approach had to be used. With the Prp5, Prp16, and Prp22 
searches, such strong e-values were found for the orthologous protein, outputs ranging from 
4E-66 to 0, that, although non-target proteins were pulled with better e-values, it was deemed 
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acceptable to include these proteins as part of C. merolae’s spliceosome (Table 2); given 
similarities shared in Prp protein architecture, it is likely that these stronger hits were 
generated from evolutionarily conserved RNA binding regions shared by the proteins, as was 
the case with the U1 false positives. Interestingly, a potential homolog for Yju2 was detected 
in C. merolae but because of the higher e-value produced by the BLAST search it was 
unclear whether this was a true protein. However, because Yju2 is known to progress the 
spliceosome through to the first catalytic step and that other first step factors are absent, it is 
proposed that Yju2 is present within C. merolae (Liu et al. 2007). All told, I was able to find 
only 69 orthologous proteins present within the organism; of which four are tubulins and 
eukaryotic elongation factors not likely to be actual splicing factors while 22 others have 
been shown to be only tangentially related to splicing (Table 2). Thus, I submit that the C. 
merolae spliceosome possesses only 43 total core proteins composed of 10 U2 proteins, three 
Commitment Complex proteins, four U5-associated proteins, two U4/U6-associated proteins, 
three NineTeen Complex and related proteins, seven LSm proteins, seven Sm proteins, and a 
number of proteins found at individual steps of the splicing reaction (Figure 5).  
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Table 2. Bioinformatic Searches Reveal a Dramatically Reduced Spliceosome in 
Cyanidioschyzon merolae. 
 
Particle or 
Complex 
Name 
S. cerevisiae 
(H. sapiens) 
C. merolae 
Homologue 
Accession 
Number 
E-value Percent 
Identity 
Essential 
Gene 
1 M Salt 
Core 
U1 Missing Mud1 (U1-A), Snp1 (U1-70K), Yhc1 (U1-C), Prp39, Snu71, Prp40, Prp42, 
Nam8, Snu56, Luc7, Urn1, Npl3 
Sm Proteins SmB/Bʼ CMK022C 3E-35 32      •      • 
 SmD1 CMF084C 3E-15 32 •      • 
 SmD2 CMN302C 1E-17 38 •      • 
 SmD3 CMM065C 1E-14 37 •      • 
 SmE§ CMM1
09C 
CMH21
5C 
2E-15 36 •  
 SmF CMQ171C 2E-20 50 •      • 
  
SmG 
 
CMO342C 
 
2E-11 
 
39 
 
• 
 
• 
U2 Proteins Prp9 
(SF3a3) 
 
CMQ406C 
 
3E-45 
 
22 
 
• 
 
• 
 Prp11 
(SF3a2) § 
CMH1
02C 
CMN0
95C 
5E-11 51 •  
 Prp21 
(SF3a1) 
CMJ300C 9E-14 34 • • 
 Hsh155 
(SF3b1) 
CMB002C 1E-73 25 • • 
 Cus1 
(SF3b2) 
CMT357C 4E-30 31 • • 
 Rse1 
(SF3b3) 
CML103C 2E-24 27 • • 
 Hsh49 
(SF3b4) 
CME063C 1E-13 42 •  
 Rds3 
(SF3b6) 
CMS014C 3E-37 31 • • 
 Prp5 
(hPRP5) 
CMR433C 4E-66 32 •  
U2 Related Prp43 
(hPRP43) 
CMM048C 0 48 •  
 Mud2 
(U2AF65) 
CMS438C 7E-63 22 •  
U2 Missing Lea1, Msl1, Ysf3, SF3b14a, Cus2, U2AF1, Puf60, Smndc1, Rbm17, U2SURP  
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Particle or 
Complex 
Name 
S. cerevisiae 
(H. sapiens) 
C. merolae 
Homologue 
Accession 
Number 
E-value Percent 
Identity 
Essential 
Gene 
1 M Salt 
Core 
U5 Proteins Prp8 (220K) CMH168C 0 34 • •  
 Brr2 (200K) CML192C 1E-119 35 • • 
 Snu114 
(116K) 
CMK208C 1E-42 35 • • 
 Dib1 (15K)§ CMN0
C1 
2E-78 34 •  
U5 Missing Prp28, Lin1, snRNP40, Aar2, Prp6 
U4/U6 
Proteins 
Prp3 (90K) CMT170C 7E-11 21 •  
 Snu13 
(15.5K) 
CMP335C 5E-52 57 •  
U4/U6 
Missing 
Prp31, Prp4, PPIH 
Tri-snRNP 
Missing 
Snu66, Spp381, Sad1 
U6 
Proteins¶ 
Lsm1 CMT394C 1E-19 44   
 Lsm2 CMB130C 6E-23 41 •  
 Lsm3 CMT262C 3E-20 44 •  
 Lsm4 § CMG06C 
CMT54C 
1E-27 44 •  
 Lsm5 CMP1 
59C 
5E-18 38 •  
 Lsm6 CMP138C 1E-28 31 •  
 Lsm7 CMP206C 1E-11 41 •  
U6 Missing Prp24, Lsm8 
Cap 
Binding 
Sto1 
(CBP80) 
CMJ189C 5E-92 18  • 
 Cbc2 
(CBP20) 
CMQ282C 1E-43 53  • 
NTC 
Missing 
Prp19, Cwc15, Snt309, CTNNBL1, WBP11, PQBP1, Clf1, Prp45, Isy1, Syf1, 
Ecm2, Cwc2, PPIL1, AQR, PPIE 
Complex B Prp38 
(hPRP38) 
CMJ144C 1E-57 27 •  
 
Complex B 
Missing 
Spp382, Snu23, Smu1, MFAP1, IK, WBP4, PRPF4B 
Complex 
Bact 
Yju2 
(CCDC4) 
CMN267C 3E-5 25 •  
 
Complex 
Bact Missing 
Cwc27, Prp2, Cwc22, Spp2, Cwc24, Cwc25, Znf830, CCDC12, PRCC, 
GPATCH1, FRG1, PPIL2 
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Particle or 
Complex 
Name 
S. cerevisiae 
(H. sapiens) 
C. merolae 
Homologue 
Accession 
Number 
E-
value 
Percent 
Identity 
Essent
ial 
Gene 
1 M 
Salt 
Core 
Second Step 
Factors 
Prp16 
(hPRP16) 
CMQ385C 0 35 • • 
 Prp22 
(hPRP22) 
CMG044C 1E-
147 
46 • • 
Second Step 
Missing 
Prp18, Slu7, Cdc40/Prp17 
Complex C 
Missing 
Syf2, DDX41, CXorf56, DGCR14, C9orf78, PPIL3, PPWD1, DHX35, Cactin, 
Nosip, WDR83, FAM50A, PPIG, C1orf55, LENG1, FAM32A, FRA10AC1, 
FAM50B, CDK10, hnRNP C 
RES Missing Bud13, Ist3, Pml1 
EJC/TREX Fal1 
(eIF4A3) 
CMK028C 0 78 • • 
EJC/TREX 
Missing 
MAGOH, RBM8A, SAP18, Acinus, THOC1, THOC3, THOC5, THOC6, 
THOC7, RNPS1, Mex67, SAP18 
SR Proteins Rsp31# CMO009C 3E-24 34   
 n/a (SRSF2) CML202C 3E-12 30   
SR Proteins 
Missing 
SRZ-21, SRZ-22, SR33, SR45, SRSF1, SRSF3, SRSF4, SRSF5, SRSF6, 
SRSF7, SRSF8, SRSF9, SRSF10, SRSF11, SRSF12, SFSWAP, TRA2A, 
TRA2B, ARGLU1 
SR Related 
Missing 
SRRM1, Cwc21 
hnRNP n/a (hnRNP 
H3) 
CMF163C 3E-15 38   
hnRNP 
Missing 
hnRNP PUL1, hnRNP PUL2, FUS, hnRNPA0, hnRNP A1, hnRNP A3, 
PCBP1, PCBP2, hnRNP AB, hnRNP C, hnRNP D, hnRNP F, hnRNP H1, 
hnRNP H2, hnRNP K, hnRNP L, hnRNP M, hnRNP R, hnRNP U, hnRNP 
LL, SYNCRIP, RBMXL2, 
RBMX, RALY, RALY L, hnRNP CL1, hnRNPA2B1, hnRNP Q, PTBP1, 
PTBP2, UBP1, UBA, RBP45, RBP47, Ath1 
Misc. Dbr1 
(hDBR1) 
CMK205C 2E-67 41   
 n/a (SRPK1) CMK182C 1E-61 41   
 n/a 
(DDX3X) 
CMT173C 1E-177 59   
 Dbp2 
(p68/DDX5) 
CMR479C 0 54   
 n/a (PABP1) CMJ286C 3E-76 43   
 n/a 
(DHX36/RH
AU) 
CMC171C 3E-42 34   
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Particle or 
Complex 
Name 
S. cerevisiae 
(H. sapiens) 
C. merolae 
Homologue 
Accession 
Number 
E-value Percent 
Identity 
Essential 
Gene 
1 M Salt 
Core 
 n/a (RBBP6/ 
PACT) 
CMQ079C 1E-29 32   
 n/a 
(Quaking) 
CMA075C 9E-41 55   
 n/a 
(RACK1) 
CMI283C 1E-150 27   
 n/a (TOE1) CMK240C 7E-20 23   
 Rts2 
(HsKin17) 
CMG137C 9E-17 33 •  
 n/a (ERH) CMR260C 2E-22 42   
 Mtr4 
(SKIV2L2) 
CMA072C 0 39 •  
 Rvb2 
(TIP48) 
CMT427C 0 56 •  
 Tef1 
(eEF1A) 
CMH226C 0 75   
 Rpg1 
(eIF3A) 
CMH060C 7E-40 28 •  
 Prt1 (EIF3B) CMK285C 5E-111 31   
 n/a (RPSA) CMT410C 9E-89 56   
 n/a 
(TUBA1B) 
CMT504C 0 77   
 Tub2 
(TUBB4B) 
CMN263C 0 72   
Misc. 
Missing 
Ntr2, Ntc20, Cwc23, SRRT, RBM7, ELAVL, ILF2, ZC3H18, Bub3, S164, 
Rbm23, RBM39, p72, DNAJC8, KIAA1967, NFAR, ZNF207, PPIL4, 
HCNGP, DHX9, GCFC, BAG2, RBM42, CIRP, NIP1, SMN, PICln, Mep50, 
PRMT5, SEC31L2, CCDC55, AGGF1, CUGBP1, Fox2, Sam-68, Sim-2, 
DDX57, Matrin3, DBPA, RBM4, JUP, CCDC130, NKAP, TTC14, TFIP11, 
ELG, Pinin, NRIP2, UBL5, SNRNP27, HSPB1, SRPK2, MGC20398, 
C19orf43, CDK11A 
Minor 
Spliceosome 
Missing 
20K, 25K, 31K, 35K, 48K, 59K, 65K, ZRSR2 
* Best E value (among all species, forward and reverse BLASTs) and percent identity for best BLAST                                                                    
†Essential for viability in S. cerevisiae, S. pombe, or M. musculus according to the Database of Essential 
Genes (Zhang et al. 2004) 
‡ Indicates human orthologue was a C complex protein detected by mass spectrometry after 
treatment with 1 M salt (Bessonov et al. 2008)                                                                                      
§ These proteins are encoded by more than one gene.                                                       
 ¶ It is unclear whether the Cm LSm proteins associate with CmU6 (see Discussion)       
# Rsp31 is an A. thaliana SR protein 
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Figure 5. Summary of C. merolae splicing proteins mapped onto the splicing reaction. 
 
Interestingly, the proteins found show a high degree of conservation with their search 
organism as illustrated by the percent identity column in Table 2, suggesting that the absent 
proteins are not directly involved with the key assembly and catalytic splicing events and, as 
a result of the extreme environmental pressures in which C. merolae finds itself, have been 
eliminated through evolution; as a rule of thumb, two sequences are deemed homologous if 
they are >30% identical over their entire length (Pearson 2014). In order to further test this 
idea, I asked whether C. merolae’s proteins have been reduced to only those proteins found 
to be essential in other organisms. In yeast, 65 of the roughly 90 splicing proteins have been 
found to be essential for growth at 30 C (Zhang et al. 2004). Cross-referencing these essential 
splicing genes with the splicing proteins found in C. merolae revealed that 39 of the 43 
proteins in the alga are essential in S. cerevisiae, S. pombe, or M. musculus as indicated in 
Table 2 (Zhang et al. 2004). Furthermore, the two cap-binding complex proteins Sto1 and 
Cbc2 found in C. merolae, while classified as non-essential by the genome database, play a 
larger role in humans where they appear to be essential (Gonatopoulos-Pournatzis and 
Cowling 2014). Also of note is that the Bud31 protein, while non-essential in yeast at 30 C, is 
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essential to the organism under heat stress, likely explaining its discovery in the thermophilic 
C. merolae. Thus, using these parameters it appears that 42 of C. merolae’s 43 splicing 
proteins are essential in other organisms, lending weight to the idea that the organism has 
retained only the necessary components of the spliceosome.  
A study by Bessonov et al. in 2008 attempted to identify the core proteins in the 
catalytically active C complex of humans by artificially stalling the spliceosome on a pre-
mRNA transcript and then exposing the complex with 1 M salt with the assumption that 
strength of association correlates with the protein’s place at the core of the spliceosome; in 
doing so, the researchers ascribed 54 proteins to the so-called C complex salt-resistant core 
(CSRC). In C. merolae, 23 of the identified proteins are found in the CSRC further 
suggesting that only the most functionally important of the splicing proteins has been 
conserved in the alga. The remaining 18 splicing factors found in C. merolae are involved 
with the earlier steps of splicing, specifically as parts of the commitment complex, the U4 
snRNP, LSms, and the A and B complexes (Table 2).  
Perhaps the most conspicuous difference between the predicted C. merolae splicing 
proteins and the suite of factors found in other organisms is the reduction of proteins that 
enter and leave the splicing cycle. In other words, C. merolae’s spliceosome appears to 
change far less throughout the splicing reactions than does its yeast and human equivalents. 
By mapping the predicted proteins to the same groupings given to the human spliceosome by 
Agafonov (2011) and Hegele (2012) we see clear evidence of this assertion (Figure 5). For 
instance, in the transition between the B and Bact complexes in C. merolae only the Yju2 
protein is predicted to join the spliceosome whereas in yeast it has been reported that a 
considerable turnover of proteins occurs in this step with 12 new factors joining and 35 
others dissociating (Fabrizio et al. 2009). A similar result is found during the transition from 
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Bact to C complex in C. merolae with only Fal1 and Prp22 joining and Yju2 leaving 
compared to yeast where nine proteins are thought to join while two leave. This discrepancy 
is even more pronounced when C. merolae’s spliceosome is compared to the human splicing 
cycle, where over 50 proteins are exchanged during the B to Bact and from Bact to C steps 
(Agafonov et al. 2011; Bessonov et al. 2010).  
 
2.2.2.2 C. merolae Lacks the Conserved NTC Complex  
 At the time of the U4/U6.U5 tri-snRNP’s recruitment to the spliceosome, a second set 
of nineteen proteins, known as the NineTeen Complex (NTC), also enters the splicing 
reaction (de Almeida and O’Keefe 2015).  Across all organisms that have been studied the 
NTC has been shown to be highly conserved and is thought to be an essential component of 
both catalytic steps of intron removal (de Almeida and O’Keefe 2015; Hogg et al. 2010). 
Thus, it was surprising to find that the bioinformatic searches predicted only three NTC 
proteins were present in C. merolae: Cef1/CDC5L, Prp46, and Bud31 (Table 2). This 
reduction of NTC proteins is made even more puzzling because the complex is involved in a 
number of non-splicing events, such as transcription and mRNA export (Hogg et al. 2010). 
Interestingly, a recent review by de Almeida and O’Keefe (2015) posits that modulation to 
the NTC and NTC-associated proteins by the ATPases Prp16, Prp22, and Prp43, all of which 
were predicted to be in C. merolae, are necessary for the conformational changes necessary 
for steps one and two of the splicing reaction. Thus, it appears that if the action of the 
spliceosome in C. merolae still requires these conformational changes that it does so in an 
altered manner.  
 
2.2.2.3 DEAD Box Proteins in C. merolae 
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 All known RNA-mediated processes utilize a group helicases, referred to as the 
DExD/H-box proteins, to unwind duplexes in the RNA, usually as a means of changing the 
substrate to its requisite conformation for activity (Jarmoskaite and Russel 2012). In splicing 
there exist eight DExD/H-box proteins that create the necessary rearrangements between the 
numerous RNA-RNA and RNA-protein networks while also playing a key role in ensuring 
splicing fidelity (Staley and Guthrie 1998; Will and Luhrmann 2011). Of the eight helicase 
proteins (Prp5, Sub2/UAP56, Prp28, U5-200K/Brr2, Prp2, Prp16, Prp22, and Prp43), all but 
Prp2 and Prp28 are predicted to be present in Cyanidioschyzon merolae (Table 2). 
 In yeast, Prp2 has been demonstrated to be required before the first step of splicing as 
it appears to be involved in the remodeling of the Bact to the catalytically active B* complex 
by disassociating branch site protein through conformational rearrangements and, as a result, 
releasing the branch site adenosine for nucleophilic attack (Warkocki et al. 2009). Current 
understandings suggest that Prp2 contacts the Ysf3, Cwc22, and Spp2 proteins directly and 
causes their dissociation from the pre-mRNA transcript after ATP hydrolysis (Will and 
Luhrmann 2011). The predicted absence of these proteins not only correlates with the 
elimination of Prp2 from C. merolae but, taken together, suggests that perhaps there is a 
function involved with this network of proteins that is no longer required in such an intron-
poor organism.  
While it appears that Prp2 and Prp28, whose absence also correlates with the absence 
of its known substrates, were capable of being eliminated, the same does not appear to be 
true for the remaining six ATPases and one GTPase found in splicing. Indeed, highly 
conserved orthologs for Prp5, Prp16, Prp43, Brr2, Sub2, and Snu114 were found in C. 
merolae (Table 2). This result reaffirms the critical functions that these proteins provide to 
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the splicing cycle through NTP-driven conformational changes while improving splicing 
fidelity (Will and Luhrmann 2011).   
 
2.2.2.4 C. merolae Lacks the Splicing LSms  
 The RNA-binding proteins of the LSm family have been found in almost all 
organisms and are known to stimulate a number of RNA chemical events. In eukaryotes, 
there exist a cytoplasmic set of LSm proteins (LSm 1-7) that function to decap mRNA during 
degradation events and a nuclear set of LSm proteins (LSm 2-8) that bind to the 3’ end of the 
U6 snRNA and seem to assist with the recycling of U4 and U6 into the U4/U6 di-snRNP 
(Golisz et al. 2013; Beggs 2005). While they are functionally distinct, both sets of LSm 
proteins share six of seven proteins in their heptameric ring with the only difference being the 
presence of LSm1 in the cytoplasmic set and LSm8 in the nuclear set. Our bioinformatic 
analysis of C. merolae identified all seven of the cytoplasmic LSm proteins but failed to find 
an LSm8 homolog (Table 2). Given the predicted absence of Prp24, a protein that also 
facilitates U4/U6 di-snRNP recycling, and the lack of a LSm 2-8 ring, it appears possible that 
the alga has undergone selective pressure to remove these recycling steps from its splicing 
cycle. It is also a possibility that the LSm 1-7 in C. merolae fulfills both functions, though 
there is no precedence in the literature for such an occurrence. 
 
2.2.2.5 C. merolae’s Commitment Complex is Highly Reduced 
  Initial docking of the U1 snRNP to the 5’SS is stabilized by the concurrent binding 
of the Msl5/Mud2/U2AF1 heterotrimer, referred to as the Commitment Complex, to the 
intron and the U1 protein Prp40. Action of the Commitment Complex is accomplished 
through the binding of U2AF1 to the 3’SS, Mud2 to the polypyrimidine tract, and Msl5 to the 
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branchpoint that, along with the U1 snRNP’s association with the 5’ SS, creates a protein 
bridge spanning the length of the intron (Chen and Cheng 2012). As reported in Table 2, the 
bioinformatic analysis identified apparent orthologs for Msl5 and Mud2 in C. merolae but 
not U2AF1. However, because U2AF1 has been demonstrated to be necessary only for 
transcripts with fewer than 15 nt between the branchpoint and the 3’SS, its absence seems a 
reasonable target for elimination in C. merolae where this distance is, on average, 29 nt 
(Neuveglise 2011; Dunn 2011).  
Conversely, the discovery of a Mud2 ortholog raises some interesting questions as 
transcripts in C. merolae lack the polypyrimidine tract to which the protein’s function has 
been ascribed to. Given the absence of U1, a distinct mechanism must exist in C. merolae 
that allows for the spliceosome to correctly identify the 5’ SS and BS of the intron. In 1994 
Abovich et al. reported that Mud2 in yeast, an organism with few polypyrimidine tracts, was 
found bound directly to the branchsite, suggesting that this may also be the case in C. 
merolae and, if true, may help to delineate the intron.  
 
2.2.2.6 Biogenesis and Disassembly Factors 
 Another revelation gleaned from the bioinformatic search for C. merolae spliceosome 
proteins was the near total absence of the group of proteins known as the snRNP biogenesis 
factor that act to assist with the initial assembly of the individual snRNPs. In humans, the 
correct assembly of the Sm heptameric ring into all 5 snRNPs requires the Cus2, Aar2, 
Snu40, Sad1, and SMN proteins, all of which were not identified with reciprocal blast 
searches in C. merolae (Table 2) (Yan et al. 1998; Weber et al. 2013; Battle et al. 2006). 
Furthermore, searches also failed to identify a Prp24 homolog in C. merolae, suggesting that 
the base-pair formation between U4 and U6 promoted by the protein has been eliminated 
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through evolution (Table 2). Intriguingly, C. merolae’s U4 snRNA contains an extra domain 
in its structure which could, in theory, promote these interactions and thus make the protein 
redundant (Dunn 2011). 
  Following each round of splicing, the spliceosome must be disassembled from the 
transcript to release the mature mRNA, the lariat intron, and the remaining snRNPs. To this 
end, Prp22 has been implicated in the release of the mature mRNA and the disassembly of 
the RES complex (Bud13, Pml1, and Ist3), Cwc21, and Cwc22 from the postcatalytic 
spliceosome (Fourmann et al. 2013). However, as a consequence of finding none of the 
proteins removed from the spliceosome by Prp22, it appears that this function of Prp22 is 
incidental to its role in mRNA release (Table 2).  
 Likewise, no orthologs were found for the Ntr1 and Ntr2 disassembly factors in C. 
merolae (Table 2). Research by Tsai et al. in 2005 demonstrated that the two proteins act, in 
conjunction with the Prp43 ATPase, to dissemble the postcatalytic spliceosome from the 
U2.U5.U6 snRNP and NTC into its catalytic components.  One interesting explanation for 
the elimination of almost all disassembly factors is the possibility that C. merolae’s 
spliceosome functions as a preassembled holoenzyme and thus does not require the same 
assembly and disassembly steps that are seen in other organisms; in vitro pull-down assays 
could be used to test whether the complex is found in an aggregated form.  
 
2.2.2.7 Noncore Splicing Proteins in C. merolae 
 Using the classifications provided by Agafonov et al. (2011) and Hegele et al. (2012), 
C. merolae appears to have retained a number of miscellaneous, or “noncore”, splicing 
factors (Table 2). However, given that a number of these noncore proteins were designated as 
splicing factors due to observed physical interactions and not necessarily because of function, 
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there is a possibility that these proteins are not, in truth, splicing factors. The identification of 
the Fal1 protein, for instance, as a splicing factor seems less likely as its role contacting the 
mRNA and loading the exon junction complex (EJC) components Y14 and MAGOH is 
seemingly made obsolete with the absence of those proteins. With that in mind, it seems 
more probable that Fal1 has been retained for roles outside of splicing. Other putative 
noncore orthologs are kinases, phosphatases, or ubiquitin ligases, which may play a role in 
either binding to RNAs or regulating the action of the spliceosome. Remarkably, a clear 
ortholog for the alternative splicing protein Quaking was found in C. merolae even though 
the organisms contains only one gene with more than one intron (Dunn 2011).  
 
2.2.3 snRNAs are more stable in C. merolae   
 One prediction concerning the nature of RNAs found in thermophiles is that they 
have evolved to be more intrinsically stable and, thus, less resistant to thermal denaturation 
than their mesophilic RNA counterparts. Indeed, it has been well documented that ribosomal 
RNA in thermophiles contains a much higher G+C content compared to rRNA from 
mesophiles because of the added stability provided from the triple bonded nucleotides 
(Nakashima et al. 2003). To test whether this was also true for the four predicted snRNAs in 
C. merolae I used Mfold to calculate the free energy values of the snRNA stem loops in the 
thermophilic alga and compared them to those found for analogous stems in S. cerevisiae and 
H. sapiens. In doing so, I found that, while most stem loops in C. merolae have comparable 
free energies, each lone snRNA does contain at least one stem loop that is substantially more 
stable than those found in the reference organisms (Table 3). Interestingly, both the G+C 
content and number of nucleotides from these hyperstable stems are similar to that found in 
the analogous stems and is, therefore, not the cause of their increased stability. Instead, it 
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seems that the secondary structure of C. merolae’s hyperstable stems simply allows for more 
base-pairing and base stacking interactions to occur.  
 The mixture of hyperstable and normal stems relative to mesophiles found in C. 
merolae snRNAs raises the question as to why some have seemingly been restricted to 
become more resistant to heat denaturation. One possible explanation for a stem’s inability to 
become more thermally stable would be if unwinding of that stem was necessary during the 
conformational rearrangements of the spliceosome. In other words, by stabilizing these stems 
we have, at the very least, less efficient splicing. If this is indeed the case, we would be able 
to identify “structural” stems, those that are necessary for snRNP stability, say as protein 
binding sites, from “functional” stems, those that must change conformation or binding 
interactions during the splicing reactions. Using these categorizations, it would appear that 
Stem IIb and Stem IIc in U2, Stem II in U4, the VSL in U5, and the 5’ Stem Loop in U6 act 
as structural stems while the remaining stems have functional roles.  
  
2.2.4 Conclusions and Significance 
 Overall, the bioinformatic methods utilized to identify and characterize the proteins 
and snRNAs of C. merolae’s spliceosome were successful in generating a basis for 
understanding splicing in this organism. BLAST searches for splicing proteins suggests that 
it possesses relatively few proteins, with only 43 being designated as a core protein, and that 
the U1 snRNP is completely absent; in addition to how splicing occurs without U1, a number 
of questions regarding how the spliceosome functions with such a reduced set of proteins 
remain intriguing. Together with the discovery of “functional” and “structural” stems in the 
snRNAs of C. merolae, further investigation of how splicing is maintained, if it is at all, in 
such a reduced will further our understanding of splicing mechanisms in other species. 
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Table 3. Energetics of the stem loops in the snRNAs of Cyanidioschyzon merolae. 
 
* tetraloop added to cap stem for stability calculation 
† A-G or A-C base pairs substituted with A-U for calculation 
bold indicates notable stability of a Cm stem 
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CHAPTER 3   
Saccharomyces cerevisiae’s Response to Environmental Stress is not affected by 
Mutations to the Serine19 Residue of Prp24 
 
Research performed by Pleiss et al. in 2007 revealed that, much like transcription in 
higher eukaryotes, the regulation of splicing events in Saccharomyces cerevisiae affords the 
organism the ability to rapidly and specifically modify its gene expression in response to 
environmental stressors. To demonstrate this, the researchers created a novel microarray 
system that allowed them to monitor the quantity of all 255 yeast intron-containing genes in 
both their pre- or mature mRNA forms and therefore observe any changes that occurred in 
the gene expression profile after exposure to a given stress. Because the ribosomal protein-
encoding genes (RPGs) represent a large fraction of the intron containing genes, the 
researchers first asked whether those transcripts would be regulated under conditions that 
demand the inhibition of translation. Indeed, by comparing the microarray profiles of cultures 
exposed to 3-aminotriazole (3-AT), a drug that mimics amino acid starvation conditions, to 
those growing normally, Pleiss et al. discovered that, within minutes of the introduction of 
the drug, splicing of the majority of RPG transcripts was inhibited. Furthermore, the 
researchers tested a distinct environmental stressor, namely ethanol toxicity, and found that 
not only was splicing impacted, but that a different subset of genes was no longer being 
spliced. Taken together, this work illustrated for the first time that splicing of S. cerevisiae’s 
genes was a regulated, non-constitutive process stimulating more research on how such 
control is achieved. 
 In eukaryotes, control over these regulation events has often been found to be 
associated with the phosphorylation/dephosphorylation of a splicing protein that affects its 
ability to perform the necessary structural rearrangements. Phosphorylation events in SR 
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proteins, for example, have been well documented to modulate the protein-protein and 
protein-RNA interactions involved with this category of splicing proteins (Misteli 1999). 
Furthermore, the dephosphorylation of the U1-70K protein and SR protein ASF-SF2 has 
been shown to be required for step 1 catalysis to occur in mammalian cells, providing the 
potential for a powerful molecular switch the cell can use to turn the spliceosome on or off 
(Tazi et al. 1993; Cao et al. 1997). Similarly, phosphorylation of Prp28 by the SRPK2 kinase 
in humans is necessary for B-complex formation and subsequent splicing events that again 
allow the cell precisely control the steps of splicing (Mathew et al. 2008).  
 Surprisingly, a recent survey of phosphorylation events in S. cerevisiae revealed that 
the serine 19 residue of the splicing biogenesis protein Prp24 is phosphorylatable although no 
reason has been attributed (Swaney et al. 2013). Given the well-known association between 
serine phosphorylation and protein function, it raises the question of whether this 
phosphorylation event ties into the splicing regulation observed by Pleiss et al. (2007). To 
investigate this, Rader (Unpublished) mutated the serine 19 residue of Prp24 to either alanine 
(S19A) or glutamate (S19E) and compared their growth to the wildtype under conditions of 
amino acid starvation and ethanol. Remarkably, both the non-synonymous alanine and 
glutamate mutations, whose electronic profile is similar to the phosphate moiety, grew far 
worse than the wildtype, indicating that the phosphorylation of serine 19 is related to stress 
response.  
 Having demonstrated a link between the phosphorylation of Prp24’s S19 residue in S. 
cerevisiae and the ability for the organism to respond to environmental stressors, questions 
arise about which other, if any, environmental conditions are also detrimental to the S19 
mutant strains and by which molecular mechanism does this phosphorylation exhibit control 
over the splicing cycle. In order to address the former question, I first surveyed the literature 
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for known oxidative, osmotic, saline, pH, amino acid starvation, toxic shock, and temperature 
stressor conditions in yeast and conducted growth assay experiments with the S. cerevisiae 
S19A and S19E mutants in the presence of these stressors. To my surprise, not only did none 
of the novel stress conditions impact growth on the mutant strains compared to the wildtype 
but the previous results seen by Rader were unable to be reproduced. Subsequent control 
experiments confirmed that the previous S19 experiments were indeed erroneous and that 
mutations to the S19 residue of Prp24 did not affect S. cerevisiae’s ability to respond to 
stress.  
 
3.1 Materials and Methods 
3.1.1 Preparation of Solid Stressor Media 
 To determine the environmental conditions in which growth of the S19A (ySR 392) 
or S19E (ySR 393) S. cerevisiae mutants was impacted, I first prepared stress plates 
containing 0.4 or 0.8M NaCl, 0.08M sorbitol, 1.73M ethanol, 0.1 M Tris-HCl (pH 7.9), or 
0.05M succinic acid (pH 4); these plates were prepared by top spreading YPD plates with the 
requisite amount of liquid stressor, assuming a final media volume of 25 mL. Follow-up 
experiments with the S19A, S19E, K50E (ySR 48), L94P (ySR 51), R158S (ySR 260), and 
delta-10 (ySR 273) Prp24 mutants tested the effects of oxidative (2.5 mM DTT), osmotic 
(1M Sorbitol), saline (0.4 and 0.8M KCl), low and high pH (0.05M succinic acid and  0.1 M 
Tris-HCl), amino-acid starvation (50 mM 3-aminotriazole), toxic shock (1.73M ethanol) 
using plates infused with the appropriate stressor as described in the literature (Gasch et al. 
2000; Larster et al. 2006; Causton et al. 2001; Hohmann and Mager 2003). Temperature 
stress was induced using 16 and 37 C incubators with standard YPD media.  
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3.1.2 S. cerevisiae Culturing and Measurements 
 In order to ascertain the effect environmental stressors had on S19A/E mutant growth, 
I utilized the stress plates previously described to perform streaking and serial dilution 
experiments. For streaking experiments, single colonies of S19A or S19E mutants, growing 
on YPD plates at 30 C, were selected and streaked onto each stressor plate, ensuring enough 
resolution to observe single colony sizes. For serial dilutions, both S19 mutants were 
incubated overnight at 30 C in 2 mL of YPD before being diluted 1:50 and allowed to grow 
to an OD600nm of 1.0 to guarantee cells were in the logarithmic growth phase. Cells were then 
serially diluted 1:3 five times in YPD and pinned to the desired stress plate. These methods 
were repeated for the K50E, L94P, R158S, and delta-10 Prp24 mutants. In all instances, 
strains were tested in triplicate and were measured relative to the wild type Prp24 strain (ySR 
108).  
 To monitor the real time growth of the S19A and S19E strains after exposure to salt, 
histidine starvation, and total amino acid starvation, I performed doubling time assays of the 
strains after exposure to 200 mM NaCl, -His media, and a 50 mM 3-AT media shift. As with 
the serial dilutions, cultures were grown to saturation overnight at 30 C, diluted back 1:50 in 
YPD, and allowed to grow to an OD600nm of 1.0. Cultures were then diluted to an OD600nm of 
0.2 in either YPD media containing an added 200 mM NaCl or a –His media prepared as per 
the Rader lab protocol. The cultures were then allowed to grow at 30 C and the optical 
density was measured every hour. For the 3-AT shift, S19A and S19E cultures growing 
logarithmically in the –His media were diluted back to an OD600nm of 0.2 in -His media 
containing 50 mM of 3-AT and grown at 30 C with optical density being measured every 
hour. Similarly, doubling times of the S19A and S19E mutants were measured at 16 C, 30 C, 
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and 37 C. All doubling times were measured in triplicate and compared to a wild type 
control.  
 
3.1.3 Retransformation and Testing of S19E and S19A Mutants 
 To ensure that only the desired S19E and S19A mutations in Prp24 were present in 
the cells being tested, I prepared fresh transformations of the yeast strains after DNA 
sequencing confirmed the presence of the S19 mutations. For both mutant plasmids, I first 
grew saturated cultures in YPD of the ySR108 strain, which contains a wild type copy of the 
Prp24 plasmid and a Prp24::KAN knockout of the genomic copy of the protein. The culture 
was diluted 1:50 in YPD and grown to an OD600nm of 1.0 at 30 C followed by spin downs of 1 
mL aliquots of the culture. Supernatant was then removed and the pellet resuspended in 100 
µL of TE/LiOAc buffer, to which 5 µL of 10 mg/mL SSS DNA, 1 µg of the chosen mutant 
plasmid DNA, and 700 µL of PEG-TEL was added. Aliquots were then incubated at 30 C for 
30 minutes and then heat shocked at 45 C for 15 minutes. Following this, samples were spun 
down, resuspended in 200 µL of dH2O, plated on –His YND plates, and incubated for 48 
hours at 30 C. To confirm that colonies had lost the WT copy of the plasmid, colonies from 
the –His plates were streaked onto 5-fluororotic acid plates and incubated at 30 C for 2 days.  
 
3.2 Results and Discussion 
3.2.1 Mutations to Prp24’s Serine 19 Do Not Affect Growth in Response to Stress 
While it had been previously demonstrated that the S19A and S19E mutations 
significantly impacted the stress response of yeast growing under amino acid starvation and 
ethanol toxicity conditions (Rader Unpublished), there remained the question of which, if 
any, other environmental conditions were detrimental to S. cerevisiae growth when the 
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mutations were present. In order to clarify this, I first surveyed the literature for conditions 
known to elicit osmotic, salt, arsenate, pH and temperature stressors in yeast and replicated 
these with the S19A and S19E mutants (see Methods); in addition to this, I also retested the 
ethanol stress condition using the standardized ethanol molarity utilized in the Pleiss 
microarrays as this had not been done previously. As seen in Figure 6, the individual colony 
sizes of both S19 mutants for all conditions were always comparable to the wildtype 
following two days of exposure to the stressor suggesting that mutations did not negatively 
affect the yeast’s ability to respond to its environment. While these results indicated that S19 
mutations do not inhibit S. cerevisiae’s ability to respond to a given environmental stressor, 
given that such definitive results had been seen previously with the ethanol toxicity it seemed 
likely at the time that these results were due to either the inherently unreliable way in which 
the stressor was topspread on the plate or that the method comparing colony size was not 
sensitive enough to show the phenotype consistently.  
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Figure 6. Mutations to the serine 19 residue of Prp24 in S. cerevisiae do not affect 
colony size when exposed to osmotic, salt, arsenate, ethanol, pH, or temperature 
stressors. Wild type is always in the topmost section, S19E in the rightmost section, and 
S19A in the leftmost section. All samples were done in triplicate. 
 
In order to address both of these concerns, I prepared plates with the stressor infused 
directly into the media to ensure an even molarity of the agent throughout the plate and 
performed serial dilutions with the S19 mutants that allow for more direct and sensitive 
comparison of growth. Once again, as seen in Figure 7, in all instances the number and size 
of the colonies with the S19 mutants was always comparable to the wild type yeast strain. 
Furthermore, the ethanol stress once again failed to reproduce previous results (Figure 7). 
These results suggested that the S19 mutations were not, in fact, disrupting splicing through 
inhibition of the hypothesized signaling pathway. This discrepancy in results, however, could 
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still be explained with the assertion that S19A and S19E mutations were so detrimental to the 
yeast that the mutant Prp24 genes had back mutated during storage to give rise to a wildtype 
like phenotype.   
 
 
Figure 7. Serial dilutions of S19A and S19E Prp24 mutants grow at wild type levels 
under salt, osmotic, ethanol, and pH environmental stressors  
 
 
To address this possibility, I performed transformations to generate fresh versions of 
the mutant strains using plasmid stocks whose sequences were known to be correct. With the 
verifiably correct mutant strains in hand, I once again performed growth streak tests with in-
plate stressors and compared the growth of the mutants to a wild type strain. In addition to 
this, I also tested a number of readily available Prp24 mutants for any indication of the 
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protein’s involvement in the stress response pathway. As I had seen previously, none of the 
tested conditions substantially inhibited growth for either S19 mutant strains compared to the 
wild type (Table 6). The same result was observed for all Prp24 mutants.  
 
Table 4. Scoring growth of Prp24 mutants and their parent strains on different stressor 
media. +++ indicates similar colony size of mutant compared to the WT; ++ slightly 
smaller colony size; + considerably smaller colony size; - mutant was dead. All 
conditions were tested in triplicate.  
Mutant     Stressor     
  
0.4M 
NaCl 
0.8M 
NaCl 
0.1 M 
Tris-HCl 
(pH 7.9) 
1.73 M 
EtOH 
1M 
Sorbitol 
50 mM 
3-AT 
0.05 M 
Succinic 
Acid 
(pH 4) 
16oC 37oC 
S19A +++ +++ +++ +++ +++ +++ +++ +++ +++ 
S19E +++ +++ +++ +++ +++ +++ +++ +++ +++ 
K50E +++ +++ +++ +++ +++ +++ +++ + +++ 
L94P +++ +++ +++ +++ +++ +++ ++ + +++ 
R158S +++ +++ ++ +++ +++ +++ +++ +++ - 
∆-10 +++ ++ +++ +++ +++ +++ +++ + +++ 
 
While the previous growth streak and serial dilution assays clearly demonstrated that 
mutations to the serine19 residue did not affect a strain’s ability to respond to environmental 
stressors over long time courses, there still existed the possibility that immediately following 
exposure to a stressor the mutations would prove detrimental. To determine this, experiments 
measuring the doubling time of the S19 mutants and the wildtype strain following exposure 
to either salt, amino acid starvation, and temperature stressors were performed. Again, 
despite a shorter time course, neither the S19A nor S19E mutations significantly impacted 
growth when compared to the wildtype. Taken together, the evidence presented in this 
chapter suggests that previous experiments with the S19 mutants were performed or 
interpreted erroneously though the exact cause remains unclear. At this point, having shown 
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that S19 is not involved in the stress response of yeast, the remainder of the research goals 
for this project were discarded.  
 
Figure 8. Doubling times of the S19A and S19E Prp24 mutant strains are comparable to 
the wild type in liquid media containing temperature, salt, and amino acid starvation. 
All samples were done in triplicate. 
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CHAPTER 4 
 
Identification and Analysis of Heat and Cold-Sensitive Phenotypes in RRMs 2, 3, and 4 
of Prp24 in Saccharomyces cerevisiae 
 
While a number of the temperature-sensitive mutations found in S. cerevisiae’s Prp24 
are located in the protein’s U6 snRNA binding region, there exist others to which no 
mechanism of temperature sensitivity can be ascribed. Especially interesting is that two cold-
sensitive mutants, K50E and L94P, are found in RRM1, a region which crystallographic 
studies have shown does not interact with the U6 snRNA (Montemayor et al. 2014). 
Combined with the genetic theory that states different temperature sensitivities can be 
indicative of different functional roles for the protein (Zeidler et al. 2004; Tan et al. 2009), it 
seems plausible that Prp24 in yeast has another function in addition to that associated with its 
binding of the ACAGA sequence of U6 snRNA. Given the limited scope of previous 
investigations into Prp24’s temperature-sensitive phenotypes, the question remains of 
whether or not other heat or cold-sensitive mutants can be found in other domains of the 
protein and what insights can be gleaned by them. In order to elucidate these questions, I set 
out to systematically introduce random point mutations to RRMs 2, 3, and 4 of Prp24 using 
error-prone PCR mutagenesis and then use replica plating to screen for temperature-sensitive 
mutants in the protein domains. The result of these experiments was the discovery of eight 
heat-sensitive and five cold-sensitive mutants in RRM2, four heat-sensitive mutants in 
RRM3, one heat-sensitive mutant in the RRM3/4 Linker region, and one heat-sensitive 
mutant in RRM4. Taken together, I submit that this genetic evidence suggests that each RRM 
of Prp24 is critical to the binding and unwinding of U6 snRNA but that there exists a strong 
possibility that the RRM2 domain of the protein has more functionality than was previously 
thought.  
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4.1 Materials and Methods 
4.1.1 Mutagenesis of PflMI Restriction Site in the pSR548 Plasmid 
In order to rapidly introduce mutated RRM2 cassettes into the WT Prp24 plasmid, I 
first needed to synonymously mutagenize nucleotides upstream of Prp24’s RRM2 to create a 
unique PflMI restriction site for later use with the innate, downstream RsrII restriction site. 
Site-directed mutagenic PCR of the desired nucleotides was performed using 100 ng of the 
pSR548 plasmid, 0.5 µL of 10X Thermo Polymerase Buffer (200 mM Tris-HCl, 100 mM 
(NH4)2SO4, 100 mM KCl, 20 mM MgSO4), 2.5 µL of 100 mM MgSO4, 2.25 µL of both 10 
µM oSDR 993 and 10 µM oSDR 998 primers, 1.4 µL of 10 mM dNTPs, 0.5 µL of Vent 
DNA Polymerase (2U/µL), and 38.6 µL dH2O. The reaction mixture was incubated using the 
following PCR parameters: an initial denaturation at 98 C for 1 min. followed by 35 cycles of 
98 C for 20s, 65 C for 45s, and 72 C for 8 min.  
oSDR 993 
5’-CTATAATTTCATTCTGACCTACCACTTTGTGGGTTTTGGTTATTGCAGC 
GAGGCTCCATCATAC-3’ 
 
oSDR 998 
 5’-TAACCAAAACCCACAAGTGGTAG-3’ 
 
 
 To screen for plasmids that contained the PflMI mutation, I transformed the mutant 
PCR plasmid pool into competent DH5-α E. coli cells, individually mini-prepped plasmid 
from the resulting colonies, and performed restriction digests on the plasmids with PflMI; 
plasmids that were found to cut with PflMI were sent for sequencing to ensure no unwanted 
mutations had been introduced. Transformations were done with 50 ng of the plasmid 
generated from site-directed mutagenesis and followed the Rader lab DH5-α transformation 
protocol. Plasmid mini-preps from the transformed colonies were performed as per the 
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E.Z.N.A. protocol. Plasmids were then checked by incubating 200 ng of the prepped plasmid 
in 1 µL of 10X NEB Buffer 3.1 (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 100 µg/ml 
BSA, pH 7.9), 0.5 µL of PflMI (10U/µL), and 3.5 µL of dH2O at 37 C for 1 hour; double 
digests to check for the fragment size of the cassette were also done using 1 µL of RsrII 
(5U/µL).  The plasmid digests were analyzed by running samples on a 1.2% agarose gel in 
1X TBE (86 mM Tris, 89 mM boric acid, 2 mM EDTA) for 50 min and gel purified using the 
Qiagen® kit and protocol.  
 
4.1.2 Optimization of Error-prone PCR Mutagenesis of the RRM2 Cassette 
To correlate observed temperature-sensitive phenotypes in S. cerevisiae to a specific 
Prp24 amino acid in RRM2, it was paramount that the error-prone PCR mutagenesis 
introduced minimal mutations to the RRM2 insert such that only one or two amino acids 
would be mutagenized. To this end, I performed mutagenic PCR reactions with 5 µL of 10X 
Taq Buffer (100 mM Tris-HCl, 500 mM KCl, 1.5 mM MgCl2), 0.8 µL of 10 mM dNTPs, 4 
µL of 10 mM dTTP, 4 µL of 10 mM dCTP, 1 µL of 10 µM oSDR 998 primer, either 4 or 10 
ng of RRM2 insert, 1 µL of 10 µM oSDR 999 primer, 2.75 µL of 3 mM MgCl2, 0.5 µL of 
Taq Polymerase (5U/µL), 24.5 µL of dH2O and varying concentrations of MnCl2 (0.15 or 0.5 
mM). Reaction mixtures were then incubated for one cycle at 95 C for 30s followed by 35 
cycles of 95 C for 15s, 50 C for 30s, and 68 C for 30s and one final cycle at 68 C for 5 min.  
oSDR 999 
 5’-GTGGCAGAATCGGTCCGTT-3’ 
  
To assess the rate at which mutants were produced using varying PCR conditions, 
products were first restriction digested and ligated into a gapped backbone (See below). 
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Following this, plasmids were transformed into DH5-α E. coli cells, as per the Rader lab 
protocol, and twenty colonies from each mutagenic condition were selected at random and 
plasmid mini-prepped using an E.Z.N.A. kit. Plasmids were then sent for sequencing and 
analyzed to determine appropriate conditions for further RRM2 PCR mutagenesis reactions.  
  
4.1.3 Restriction Digest of the RRM2 Mutant Plasmid Pool 
 In order to replace the WT RRM2 of Prp24 with the mutagenized cassettes for 
temperature phenotype screening, I had to first digest the mutagenized RRM2 PCR fragments 
with PflMI and RsrII restriction enzymes. For the mutagenic cassettes, DNA from the error-
prone PCR was first ethanol precipitated using 5 µL of 5M NaCl, 1 µL of 20 mg/ml 
glycogen, 50 mL of dH2O, and 1 mL of 100% ethanol. This mixture was stored at -80 C for 
20 min., spun at 13 000 RPM for 20 min. at 4 C, washed with 70% ethanol after the liquid 
was decanted, spun again and ethanol decanted again and left to dry for ~10 min. The 
precipitated mutagenized DNA was then resuspended in 10.5 µL of dH2O, 1.5 µL of 10X 
BSA, 1.5 µL of 10X NEB Buffer 2 (500 mM NaCl, 100 mM Tris-HCl, 100 mM MgCl2, 10 
mM DTT), 0.5 µL of PflMI (10U/µL), and 1µL of RsrII (5U/µL), and incubated for 1 hour at 
37 C. The digested DNA was then run on a 1.2% agarose gel in 1X TBE (86 mM Tris, 89 
mM boric acid, 2 mM EDTA) for 50 min and gel purified using the Qiagen® kit and 
protocol.  
 
4.1.4 Ligation and Transformation of Mutagenized RRM2 Plasmid into S. cerevisiae 
With the mutagenized RRM2 cassettes digested, I then proceeded to ligate the inserts 
from the pool of mutants into the pSR576 plasmid whose WT RRM2 had been removed with 
RsrII and PflMI. 12 ng of the mutagenized RRM2 DNA was incubated along with 1 µL of 
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10X NEB Ligase Buffer (500 mM Tris-HCl, 100 mM MgCl2, 10 mM ATP, 100 mM DTT), 
100 ng of the gapped SAP-treated pSR576 plasmid, 1 µL of T4 DNA Ligase (40U/µL) and   
5 µL of dH2O at room temperature for 10 minutes followed by heat inactivation at 65 C. 
Plasmids were then transformed into the ySR108 strain of S. cerevisiae following the Guthrie 
& Fink (1991) lithium acetate transformation protocol and incubated at 30 C on –His plates.  
 
4.1.5 Optimization of PCR Mutagenesis of RRM3/4 Mutant Cassette 
 Similar to the RRM2 mutagenesis experiments, to form meaningful connections 
between observed temperature phenotypes in S. cerevisiae and the introduced mutations to 
RRMs 3/4 of Prp24 it was important that I optimize conditions to introduce only 1-2 
mutations during the PCR mutagenesis. Once again, I performed random error-prone PCR 
with 5 µL of 10X Taq Reaction Buffer (100 mM Tris-HCl, 500 mM KCl, 1.5 mM MgCl2), 1 
µL of 10 mM dNTPS, 2.5 µL of 10 mM dTTP, 2.5 µL of 10 mM dCTP, 1 µL of 10 µM 
oSDR 1064 primer, 1 µL of 10 µM oSDR 1065 primer, either 4 or 10 ng of pSR576 plasmid, 
5.5 µL of MgCl2, 0.5 µL of Taq Polymerase (10U/µL) , 25 µL of dH2O, and varying 
concentrations of MnCl2 (0, 0.05, or 0.15mM). Reaction mixtures were then incubated at 95 
C for 30s followed by 40 cycles of 95 C for 30s, 64 C for 15s, 68 C for 1 min. and one final 
cycle of 5 minutes at 68 C. 
 
oSDR 1064 
5’-GATCTCAATTTCAGGGAAAGGTGATACGTTCCGGAACTATTAATGACA   
TGAAGATATTATAAC-3’  
 
oSDR 1065 
 5’GTTATAATATCTTTTCATGTCATTAATAGTTCCGGAACGTATCACCTTTC
 CCTGAAATTGAGATC-3’ 
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As was done before, products were restriction digested and ligated into a gapped 
backbone to assess the mutagenesis rate of the various PCR conditions used (See below). 
Mutagenized plasmids were there transformed into DH5-α E. coli cells and ten colonies from 
each mutagenic condition were selected at random for mini-prepping using the E.Z.N.A. 
protocol. Twenty plasmids from each mutagenic condition were then sent for sequencing to 
determine appropriate conditions for further RRM3/4 PCR mutagenesis reactions.  
 
4.1.6 Ligation and Transformation of Mutagenized RRM3/4 Plasmids into S. cerevisiae
  
 Again, as with the RRM2 cassettes, I next had to ligate the mutagenized RRM 3/4 
cassettes into the gapped pSR576 plasmid and transform the mutant plasmids into S. 
cerevisiae. To do this, I first digested 100 ng of the mutant cassettes with 0.5 µL of RsrII       
(5U/µL), 0.5 µL of NotI-HF (20U/µL), 1.5 µL of 10X Cutsmart Buffer (500 mM KCH3COO, 
200 mM Tris-Acetate, 100 mM MgCH3COO, 100 µg/ml BSA) and 4.2 µL dH2O and 
incubated the mixture at 37 C for 1 hour. I then ligated 50 ng of the digested mutant cassette 
into 100 ng of the gapped SAP-treated pSR576 plasmid with 1.5 µL 10X T4 DNA Ligase 
Buffer, 1 µL of T4 DNA Ligase (40U/µL), and 1.1 µL of dH2O and incubated the mixture at 
room temperature for 30 minutes. Following gel extraction of the mutant plasmids using the 
E.Z.N.A.® kit and protocol, I transformed the RRM3/4 mutants into the ySR108 strain of S. 
cerevisiae using the Guthrie and Fink (1991) high-efficiency lithium acetate transformation 
protocol and incubated colonies at 30 C on –His media. 
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4.1.7 Shuffling Out Wild Type Prp24 Plasmid and Screening for Temperature-sensitive 
Phenotypes 
 
 To ensure that S. cerevisiae colonies transformed with the mutant RRM 2 or RRM 3/4 
plasmids had lost the URA-marked wildtype Prp24 plasmid found in ySR108, I replica plated 
all transformants onto the negative selective media 5-fluroorotic acid (5-FOA) and incubated 
the plates at 30 C. I then thrice replica plated those colonies that grew on 5-FOA to YPD agar 
plates and incubated the plates at either 16 C, 30 C, or 37 C to screen for temperature-
sensitive mutants. Potential temperature-sensitive colonies were then retested at their non-
permissive temperature in triplicate and only kept and sequenced if they showed considerable 
inhibition of growth.  
 
4.1.8 Optimization of Western Blot Protocol and Whole Cell Extract Preparation 
 In order to confirm that the mutations made to RRMs 2, 3, or 4 of Prp24 did not cause 
the amount of cellular protein to diminish considerably, I endeavored to quantify the amount 
of Prp24 in the temperature-sensitive mutants relative to the WT cell using Western Blots. In 
doing so, I optimized conditions such that minute quantities of the Prp24 protein were able to 
be detected.  Protein was first run on a 12% SDS-PAGE gel in Tris-Glycine for ~1 hour at 20 
mA and then transferred to a nitrocellulose membrane at 65 mA after a 15 minute incubation 
in 1X Towbin Buffer (25 mM Tris and 0.192 M Glycine). The membrane was then washed in 
PBS-Tween (10 mM sodium phosphate, 0.15 M NaCl, 0.05% Tween-20) for 5 min., blocked 
with 8 mL of 5% skim milk for 1 hour, washed with PBS-Tween, and then incubated 
overnight at 4 C in 8 mL of 5% skim milk containing 1:100 α-Prp-24 NT and 1:500 α-Prp24-
KS primary antibodies. Membranes were then washed 3 times with PBS-Tween for 10 min. 
and then incubated in 8 mL of 5% skim milk containing 1:5000 α-Prp24-HRP secondary 
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antibody at room temperature, and visualized using the Pierce® HRP kit and protocol. Whole 
cell extract from ySR108 was made by spinning down 1.5 mL of cells grown in YPD to an 
OD600 of 1.0 from which the supernatant was removed and then washed with 100 µL of 2.0 
M LiOAc, spun down and decanted, followed by another wash with 100 µL of 0.4 M NaOH, 
spun down and decanted. Cells were then resuspended in 100 µL of 1X SDS-PAGE loading 
buffer (62.5 mM Tris-HCl, 2.5% SDS, 0.002% Bromophenol Blue, 0.7135 M (5%) β-
mercaptoethanol, 10% glycerol), boiled for 5 minutes and stored for later use.  
 
4.1.9 Non-denaturing Western Blotting 
In an attempt to concentrate the mutant Prp24 protein using affinity chromatography, 
I had to first determine whether the Prp24 protein was appreciably visualized using non-
denaturing Western blots. To test this, I ran 25 ng of recombinant Prp24 protein, 10 µL of            
α-Prp24-NT sera, and 10 µL of α-Prp24-KS sera on a 12% SDS-PAGE gel in a 2X non-
reducing SDS buffer (1M Tris-HCl, 10% SDS, 50% glycerol) in Tris-Glycine for ~1 hour at 
20 mA. Protein was then transferred to a nitrocellulose membrane and visualized as 
described above. 
 
4.2 Results and Discussion 
4.2.1 Heat and Cold-sensitive Mutations in RRM2 Suggest Additional Functionality  for   
         the Motif 
 
 To begin exploring for novel Prp24 heat-sensitive mutants, I first narrowed in on the 
RRM2 domain of the protein as its interaction with the ACAGA-box of U6 snRNA is well-
documented and, thus, the discovery of cold-sensitive mutations in the region could be 
indicative of a separate function for the protein (Montemayor et al. 2014; Dunn and Rader 
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2010). In order to introduce the mutagenized variants of RRM2 generated using mutagenic 
PCR, it first became necessary to create a novel restriction site upstream of RRM2 in the 
psR549 plasmid. Investigation of the Prp24 gene revealed that a unique PflMI restriction 
enzyme site could be created in the 3’-end of RRM1 in the plasmid using site-directed 
mutagenesis (See Methods). Following mutagenesis, restriction enzyme digests using the 
mutated pSR576 plasmid demonstrated that the PflMI site had been successfully introduced 
and that, in conjunction with the RsrII restriction site found downstream of RRM2, the 
desired 659 nt region corresponding to the RRM2 cassette was removed from the plasmid 
(Figure 9). Furthermore, sequencing of the psR579 plasmid demonstrated that the correct 
PflMI restriction site had been introduced cleanly (Appendix).  
 
Figure 9. Introduction of PflMI restriction site in RRM1 Prp24 for cassette mutagenesis 
of RRM2. A) PflMI single cuts the pSR576 plasmid once. B) PflMI and RsrII cut pSR576 
with the correct sized fragment.  
 
 In addition to the introduction of the PflMI restriction site, it was also necessary to 
determine mutagenic PCR conditions that introduced only one or two mutations to the RRM2 
cassette as otherwise it would be difficult to assign observed temperature-sensitive 
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phenotypes to a specific amino acid. By performing mutagenic PCR while varying 
concentrations of manganese chloride and the amount of template DNA, I was able to 
demonstrate that each condition using 4 ng of template produced the correct, 328 base pair 
fragment (Figure 10).  
 
Figure 10. Optimization of mutagenic PCR of Prp24’s RRM2. Mutagenesis of varying 
amounts of PCR template and concentrations of MnCl2. 
 
 However, while all conditions produced fragments capable of being ligated into the 
pSR576 plasmid, not all demonstrated the desired mutation rates. Having prepped forty 
mutagenized plasmids prepared from 0.15 MnCl2 and 0.5 MnCl2 error-prone PCR conditions, 
I had each sequenced to assess the mutation rate in the RRM2 cassette (Appendix). In doing 
so, I found that error-prone PCR conditions using 0.50 mM MnCl2 produced an excess of 
mutations, with single mutations occurring 10% of the time, double mutations 35% of the 
time, and triple mutations 15% (Table 5). Conversely, PCR conditions utilizing a MnCl2 
concentration of 0.15 mM MnCl2 generated a mutational rate that was deemed acceptable, 
with single mutations accounting for 55% of the plasmids screened and double mutations 
found in only 5% of the plasmids (Table 5).  
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Table 5. Amount of nucleotide mutations found in Prp24’s RRM2 cassette using error-
prone PCR with varying concentrations of manganese chloride.    
        Number of Mutations 
Concentration of MnCl2  Null  Single  Double        Triple  
             0.15 mM     8     11                      1      -                                                                             
  0.50 mM     3      5                  9          3                
Having optimized conditions for error-prone PCR of the RRM2, I was then able to 
begin screening for temperature-sensitive mutations in S. cerevisiae colonies. Initially, after 
preparatory steps to ligate the mutated cassettes into the gapped pSR576 plasmid and 
transform the mutant-containing plasmids into a Prp24 deletion yeast strain (See Methods), I 
tested cell growth at 16 C and 37 C for the 15 mutants whose plasmids had been sequenced 
during error-prone PCR optimization. In doing so, I discovered that both the R148Q mutant 
and the N132K/C174W double mutant grew considerably worse at higher temperatures 
compared to the wildtype control; in fact, R148Q was lethal at the higher temperature (Figure 
11). In the wildtype Prp24-U6 crystal structure, the R148 residue sits proximal to the 
hexanucleotide binding site on the U6 snRNA and participates in binding through 
electrostatic interactions with the negatively charged G50 nucleotide (Montemayor et al. 
2014).  The observed heat sensitivity in the R148Q mutant is likely analogous to that of the 
R158S Prp24 mutant, also found in RRM2, discovered by Kwan and Brow in 2005. In that 
instance, increased temperature more readily disrupts protein binding to the U6 snRNA due 
to the absence of the electropositive residue stabilizing contact between Prp24 and the 
ACAGA sequence and, as a result, recycling of U6 into the U6/U4 di-snRNP is stalled 
(Figure 12). In the case of the N132K/C174W double mutant, both residues in the wild type 
Prp24 face towards the hydrophobic core of either the 2nd and 3rd α-helix of the RRM motif 
and act to stabilize the secondary structure (Montemayor et al. 2014). With the considerable 
changes to either the bulkiness or electronic profile after the introduction of the 
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N132CK/C174W mutations, it seems likely that the destabilization of RRM2’s secondary 
structure is enough to cause denaturation at elevated temperatures and, thus, cause the 
observed heat sensitivity (Figure 12). 
 
Figure 11. The RRM2 mutant R148Q and double mutant N132K/C174W demonstrate 
heat-sensitive phenotypes.  
 
 While screening the sequenced RRM2 mutants was successful in demonstrating that 
the methodology was able to find new temperature-sensitive phenotypes, the lack of novel 
heat or cold-sensitive mutants provided the impetus for a wide-scale screen of the RRM2 
region. To this end, I screened for temperature sensitivity in over 7 000 independent              
S. cerevisiae colonies that had been transformed with the mutagenized plasmids. In doing so, 
I was able to find eight new heat-sensitive mutants and five cold-sensitive mutants (Table 6). 
Of the heat-sensitive mutants, I again found a heat-sensitive mutation in R159S that was 
likely due to the elimination of interactions between an electropositive arginine residue and 
the U6 snRNA ACAGA sequence, similar to the R148Q heat-sensitive mutant discovered 
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previously (Figure 12). I also found further instances of disruption to secondary structure 
leading to heat sensitivity with the I133F and C174G mutants as both residues face towards 
the hydrophobic core of an α-helix in RRM2 (Figure 12); the discovery of a second C174 
mutation that causes heat sensitivity suggests that the heat sensitivity from the 
N132K/C174W is likely due to the cysteine mutation. Novel heat-sensitive mutations were 
discovered, however, with mutations to T122R, K168I/M, and E184V mutants where it 
appears that the disruption of electrostatic interactions between Prp24 and U6 at a region 
distal from the canonical RRM2 binding site caused the observed phenotype (Figure 12). 
This observation suggests that RRM2 of Prp24 forms important interactions with U6 in 
multiple locations and that the motif’s involvement in U6 recycling is not limited to the 
ACAGA box. Alternatively, these positions could be responsible for contacts with a separate 
RNA, perhaps binding to U4 as a guide for its annealing to U6. Also of interest was the 
discovery of the D164V heat-sensitive mutation that lies 2.76 Å from the R148 residue with 
which D164 seems to form strong electronic interactions (Figure 12). Given that these kinds 
of intramolecular forces are not unique to the D164 and R148 residues and that mutations to 
these residues consistently conferred heat sensitivity, it seems plausible that the interplay 
between these residues contributes considerably to the overall function of Prp24 in some 
way. 
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Table 6. The location, mutation, and observed phenotype of generated RRM2 Prp24 
    phenotypes.          ___ 
2o Structure Location  Mutated Amino Acid     Phenotype 
β-sheet1   
 T118A ...................................................................... Cs 
 T122R ...................................................................... Hs  
α-helix1                          
 N132K* ................................................................... Hs 
 I133F........................................................................ Hs 
Random Coil1 
D139G ..................................................................... Cs 
Random Coil2 
 R148Q...................................................................... Hs 
            R153P.......................................................................Cs  
 R159S ...................................................................... Hs 
β-sheet3 
 Y162S ...................................................................... Cs         
I163V.......................................................................Cs 
 D164V ....................................................................  Hs  
α-helix2 
 K168I ....................................................................... Hs    
 K168M ..................................................................... Hs         
 C174G...................................................................... Hs 
 C174W* ................................................................... Hs        
β-sheet4    
 E184V ...................................................................... Hs 
* Denotes mutant is part of the N132K/C174W double mutant. 
 
In addition to the novel heat-sensitive mutations, I also discovered five cold-sensitive 
mutations that lie in RRM2 of Prp24 (Table 6). Of significant interest are the R153P and 
Y162S cold-sensitive mutations as these residues lie proximal to the U6 binding region of 
RRM2 (Figure 12). However, because these mutants confer distinct temperature sensitivity, it 
appears that the canonical RRM2 binding site has functionality separate from the electronic 
interactions responsible for the heat-sensitive mutations. Whether these dissimilar 
phenotypes are the result of necessary contacts between Prp24 and the U6 for some other 
specific interaction, as the residues proximity to the U6 snRNA would suggest, or if these 
contacts facilitate some other requisite protein-protein or protein-nucleic acid contact 
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becomes an interesting question. Similarly, the T118A and D139G cold-sensitive mutants 
suggest that the corresponding regions of the RRM2 domain is also functionally important in 
some way and may be related to the cold sensitivity seen in the binding region (Figure 12). 
All told, the discovery of several RRM2 cold sensitivity is strong genetic evidence that 
RRM2’s functionality is more complex than previously thought. 
 
Figure 12. Locations of generated RRM2 mutations in the Prp24 crystal structure. 
Heat-sensitive mutations are shown as red spheres at the residue’s most distal atom; cold-
sensitive mutations as blue spheres; backbone of the U6 snRNA “ACAGA” (nt 46-58) 
sequence shown in orange.  
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4.2.2 Phenotypes in RRMs 3 and 4 are Consistent with Known Prp24 Functionality 
 In order to glean further genetic insights into Prp24 functionality, I performed a 
similar temperature sensitivity screen of RRMs 3 and 4 as the regions had been poorly 
characterized previously. To do so I followed a methodology analogous to the RRM2 screen 
to optimize error-prone PCR mutagenesis of the RRM3/4 region, ligate and transform mutant 
plamsids into yeast, and screen for temperature-sensitive phenotypes (See Methods). In total, 
I screened over 10 000 independent S. cerevisiae colonies and, in doing so, I discovered four 
heat-sensitive in RRM3, a single heat-sensitive mutation in the linker regioin between RRM3 
and 4, and a lone heat-sensitive mutant in RRM4.  
The results of this genetic investigation was successful in demonstrating that, while 
these regions of Prp24 do contribute significantly to the protein’s function, it does not appear 
that the posited additional functionality seen in the RRM2 screen extends to RRMs 3 or 4. 
First, mutations to RRM3/4 led to considerably less observable temperature sensitivies 
compared to RRM2 as screening ~3000 more colonies in RRM3/4 yielded seven less 
phenotypes (Table 6). This increased rate of observable phenotypes in RRM2 suggests that, 
on average, more critical amino acids reside in this area in comparison to RRMs 3 and 4 
assuming that mutations in each region are independent; in fact, if this assumption is true, 
this could be verified statistically using a two sampled t-test for proportions that accounts for 
the uneven sample sizes. As for the mutations, all of the discovered phenotypes are consistent 
with the crystal structure. First, the N253S and F257L mutants in RRM3, the K299N mutant 
in the linker region, and the K322E mutant in RRM4 all lie proximal to the U6 snRNA in the 
crystal structure and form intermolecular bonds with the snRNA that, upon mutation, cause 
heat sensitivity due to the disruption of these interactions (Figure 13).  In the case of the 
M272L/I282L heat senstive double mutant, it appears that disruption of α-helix secondary 
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structure is likely the reason for heat sensitivity as all three residues point towards the 
hydrophobic core of their respective helices (Figure 13). Thus, in conclusion, genetic 
investigation of RRMs 3 and 4 suggest that function in these regions of the protein are 
limited to snRNA contacts consistent with the U6-snRNA crystal structure. 
 
Table 7. The location, mutation, and observed phenotype of generated RRM3/4 Prp24 
    phenotypes.          ___ 
2o Structure Location   Mutated Amino Acid     Phenotype 
  RRM 3 
β-sheet3 
 N253S ...................................................................... Hs    
 F257L ...................................................................... Hs 
α-helix2 
 M272L* ................................................................... Hs   
  I282L* ..................................................................... Hs 
              Linker 
 K299N ..................................................................... Hs 
     RRM 4 
α-helix1                         
 K322E ...................................................................... Hs  
* Denotes mutant is part of the M272L/I282L double mutant. 
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Figure 13. Locations of generated RRM3/4 mutations in the Prp24 crystal structure. 
Heat-sensitive mutations are shown as red spheres; backbone of nucleotides G39-C58 of U6 
snRNA shown in orange. 
 
 
4.2.3 Prp24 from Whole Cell Extract Cannot Immediately be Detected Using Western 
         Blotting 
 
In order to ensure that the observed phenotypes in the novel RRM 2, 3, and 4 mutants 
were not due to a change in the expression level of Prp24, I sought to quantitate mutant 
Prp24 protein levels from cell extracts and compare them to wild type protein amounts using 
Western blotting. Coomassie stained SDS-PAGE demonstrated that previously generated,    
48 kDa recombinant Prp24 had not degraded and that 5 ng of the protein was detectable 
using a 1:200 antibody to buffer containing a fluorescent α-Prp24 antibody (Figure 14 A and 
B). However, while I was successful with subsequent Western blots in detecting the 
recombinant protein (Figure 14. C and D), attempts to visualize the protein directly from 
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whole cell or splicing extracts ultimately failed due to the low amount of Prp24 in the cell 
and the degree to which non-specific binding between the antibody and the extract occurred 
(Figure 12. C and D). 
 
 
Figure 14. Prp24 from whole cell extract is not present in sufficient quantities to be 
detected using Western blotting. A) Recombinant Prp24 protein runs correctly during SDS-
PAGE. B) Recombinant is detectable to amounts of 5 ng using a 1:200 fluorescent α-Prp24 
antibody. C and D) Prp24 from wildtype whole cell extract cannot be detected using Western 
blotting.  
 
 
A rather simple way to concentrate the Prp24 protein from cell extracts is to co-
immunoprecipitate the protein via a column and then elute the protein into a minimal volume. 
If successful, this would ensure enough protein was loaded on the gel to ensure visualization 
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after antibody probing. However, previous experiments have demonstrated that the heavy 
chain for the α -Prp24 primary antibodies runs at a comparable size to the target protein if the 
disulfide bonds between heavy and light chains have been reduced, therefore creating a false 
positive on the blot (Rader unpublished). Thus, it was proposed that by performing non-
reducing SDS-PAGE we would eliminate any muddying of Prp24 expression levels by 
keeping the primary antibody intact. To test this hypothesis, I performed five western blots 
using non-reducing SDS-PAGE conditions with the primary antibody sera. While Figure 14 
does show a sizeable band running higher than the Prp24 recombinant protein control, the 
amount of smearing and non-specific binding to elements within the sera by the goat α-
rabbit-HRP secondary antibody would clearly inhibit accurate determination of Prp24 
expression levels after co-immunoprecipitation of the protein. Unfortunately, other efforts 
will have to be made in order to quantitate the amount of Prp24 in the mutant strains in order 
to verify that their observed temperature sensitivities are not the result of decreased 
expression of the protein in the cell. 
 
Figure 15. Non-reducing Western blotting conditions is not sufficient to detect Prp24 
       from sera. 
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 Chapter 5 
Future Directions 
Successful identification and characterization of C. merolae’s spliceosome using 
bioinformatics as well as the discovery of a potentially novel function for Prp24 in S. 
cerevisiae offer a number of rewarding avenues to further our understanding of both the 
fundamentals of splicing and the mechanism of spliceosome recycling. Experiments designed 
to further validate and elucidate how splicing occurs in the reduced spliceosome of C. 
merolae will have far reaching implications as to which components of the spliceosome are 
essential for pre-mRNA splicing and will provide insights into splicing mechanics in higher 
eukaryotes. Similarly, further probing of Prp24’s RRM2 functionality may garner 
information that explains the precise nature and mechanism of U6 unwinding. 
 
5.1 Crystallographic and Biochemical Experiments to Test the Veracity and   
      Mechanisms of C. merolae’s spliceosome 
 
 Having identified potential splicing protein orthologs and their sequences in C. 
merolae, there now exists the possibility of performing crystallography experiments on a 
number of splicing elements for which structures have remained elusive. Given the 
thermophilic nature of the organism, this is especially promising as crystallization of the 
purified protein should be more readily achieved due to the increased stability that proteins 
from C. merolae innately possess; indeed, this relationship between thermophiles and more 
readily crystallized proteins is well known (Edwards et al 2012; Canals and Coll 2009). Such 
experiments will provide valuable insights into splicing mechanisms in both C. merolae and 
other organisms.  
 In addition to the crystallization of splicing proteins, there also exist a number of 
exciting biochemical experiments concerned with untangling the novel aspects of C. 
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merolae’s spliceosome that can be done in the future. First, with the identified splicing 
proteins, one can now create plasmids containing the U2, U4, U5, U6 and auxiliary splicing 
elements for quick expression of each snRNP of C. merolae’s spliceosome. Furthermore, to 
test whether splicing does occur using the proposed 69 core splicing proteins, reconstitution 
of the spliceosome using these snRNP plasmids will allow one to perform in vitro splicing 
assays to assess the predictions made in Chapter 2. Also of interest is determining whether 
the predicted LSm proteins in C. merolae are analogous to the LSm 1-7 complex found 
exclusively in the cytoplasm, as predicted, or whether they do assist in spliceosome function. 
A rather simple way to investigate this question would be to express the identified LSm 
proteins and perform binding assays with C. merolae’s U6 snRNA to determine whether the 
LSm complex is capable of binding U6 as is the case with the splicing LSms in other 
organisms (Golisz et al. 2013; Beggs 2005). Similarly, expression and binding assays with C. 
merolae’s three Nine-Teen Complex proteins could be done to determine whether this is 
sufficient for recruitment of the U4/U6.U5 tri-snRNP into the spliceosome or if the organism 
does indeed do so in an altered manner. Finally, an interesting possibility exists with C. 
merolae’s spliceosome, given the complete absence of biogenesis and disassembly factors, 
that the complex actually aggregates as a holoenzyme and thus does not require these 
recycling components. Experiments to test this possibility would therefore be very 
informative into the determination of the mechanics of splicing in the alga. 
 
5.2 Investigating RRM2’s Additional Functionality 
 The discovery of a secondary function in Prp24’s RRM2, in addition to the binding of 
U6 snRNA, offers a clear motivation for future investigations to determine the precise nature 
of this purpose. First, mutagenic experiments focusing on the U6 binding site of RRM2 can 
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be readily done to search for additional cold-sensitive mutations in the region. Additionally, 
genetic experiments searching for U6 mutations that suppress the cold-sensitive phenotypes 
will allow one to determine which regions, if any, of the U6 are being affected by the 
introduction of the RRM2 mutations. Follow-up biochemical and structural analyses will 
allow for the precise biochemistry of the RRM2’s purported secondary function to be 
clarified. 
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